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ABSTRACT 
Charge transfer salts of Tetracyanoquinodimethane (TCNQ) were 
synthesised and their electrical and magnetic properties were 
investigated. These salts show unusual electrical and magnetic 
behaviour in contrast to conventional organic compounds. These 
salts have crystal structures which in general consist of TCNQ 
radical ions stacked in chains, isolated from each other by the 
diamagnetic cations. They are thus regarded as "one-dimensional" 
electrical and magnetic systems. The ESR spectra of these salts are 
attributed to triplet excitons showing that the spin-spin and electron- 
electron correlation effects are important. In the ESR spectra 
(Chapter III) of some TCNQ salts dipolar splitting is observed 
confirming the spin-spin interaction. These triplet excitons are 
regarded as bound electron-hole pairs. The experimentally determined 
dipolar splitting tensors are presented in Chapter III and the intensity 
data in Chapter IV. A large number of fine structure lines are 
observed in the ESR spectra of Pyridinium-TCNQ and 4-Aminopyridinium-TCNQ 
apart from regular triplet exciton lines (Chapter III). These lines 
are attributed to the trapping of excitons on an extended formula 
finit (TCNQ2 )n. In Chapter IV the temperature dependent magnetic 
susceptibilities are discussed in terms of Heisenberg antiferro- 
magnetism and Pauli paramagnetism. In Chapter V temperature 
dependent behaviour of electrical conductivity is discussed in terms 
of an exciton band model, the lattice structure of the salts and 
one-dimensional lattice consisting of defects giving rise to high and 
low conducting segments. Low temperature electrical and magnetic 
phases are discussed (Chapters IV and VII) in terms of a band and 
hopping mechanisms. 
In Chapter VI self consistent field calculations are made with 
reference to the tight binding one electron band theory using 
simplified Roothaan equations considering CNDO approximations. 
Theoretical results are related to experimental band gaps, spin- 
spin interactions and charge alteration. 
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CHAPTER I 
INTRODUCTION 
Charge Transfer Compounds 
Many aromatic nitrocompounds, quinones, carboxylic acids, sulphonic 
acids etc. will combine with aromatic hydrocarbons, amines, phenols 
and related substances to form stable, solid, intensely coloured 
compounds. The formation of such compounds is the result of partial 
or complete transfer of an electron from one molecule to the other. 
Such compounds are almost invariably formed between molecules one of 
which has a high electron affinity and the other a low ionization 
potential, i. e. between electron acceptors and electron donors. The 
UV, visible and IR spectra of tr molecular compounds are the sum of the 
spectra of the individual components with an additional absorption 
band, the charge transfer band. The characteristic intense colour of 
the it molecular compounds are due to these charge transfer bands. 
These bands do not affect the IR spectrum. The contribution of each 
component to the spectrum of a charge transfer compound will differ 
according to the state of ionization and of each component. Thus 
the nature of the ground state whether ionic or non-ionic can be 
determined by overall comparison of the spectrum of the molecular 
compound with spectra of the individual components of the compound 
in ionized and neutral conditions. Mulliken's theory requires 
resonance to occur between molecular electronic structures associated 
with each component. Complete electron transfer could occur between 
a strong electron donor and a strong electron acceptor, and then the 
system would be expected to exhibit paramagnetic characteristics in 
2 
the ground electronic state. Charge transfer compounds in solution 
generally appear to consist of single donor and acceptor molecules; 
charge transfer interactions in the solid are more varied and in 
certain conditions sustain electron conduction. Some solids precipi- 
tated from solutions containing good electron acceptors and donors 
have exhibited ESR absorption indicative of unpaired electrons and 
have had low electrical resistivities. 
l 
Charge transfer compounds could be classified into three types 
depending on the type of orbitals involved in charge transfer2: 
i) Cr -Q compounds 
ii) cs - Tr compounds 
iii) 7T - 7r compounds 
In the first two types of compounds intermolecular bonds become 
shorter and intramolecular bonds become larger as charge transfer 
increases. In the third type of compounds donor and acceptor molecules 
usually form face to face stacks. There is a little correlation between 
interplanar spacing in these stacks and charge transfer properties. 
The relative orientations between donor and acceptor molecules within 
the stacks are determined by a combination of charge trinsfer inter- 
actions, and dipole induced dipole interactions2 (Van der Waals 
The 
interactions). ] Tetra-cyano-quino-dimethane (TCNQ) molecule 
N 
®C 
\ 
C 
/ 
ýC 
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i/ _I 
\_C. 
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is a rigid planar structure whose most important property for us is 
its high electron affinity. It easily accepts one electron and forms 
solid,, intensely coloured, charge transfer salts with organic, organo- 
metallic, and inorganic cations3. A large number of salts synthesised 
with TCNQ as an anion may be classified into three types depending on 
the stoichiometry of the salt: 
i) M+ (TCNQ) Simple salts with cation to anion ratio 1: 1. 
ii) M+ (TCNQ) 2 Complex salts with cation to anion ratio 1: 2. 
iii) (M+)2 (TCNQ)3- Complex salts with cation to anion ratio 2: 3. 
Where M stands for organic, organo-metallic or inorganic cations. 
The TCNQ molecule with quaternary ammonium bases and salts form 
charge transfer salts with a characteristic deep colour. Most of the . 
charge transfer complexes and salts of TCNQ exhibit strong absorption 
in the near infra-red region3. 
I. 1 One Dimensional Electronic Systems 
The TCNQ molecule is a rigid planar structure whose most important 
property is to crystallize into two one-dimensional arrays of separated 
cation and anion stacks. In these cases we expect most of the interesting 
electronic properties to be associated with the TCNQ (anion) chains. 
Sometimes the cations (e. g. TTF+) also possess an unpaired electron 
leading to r, more complex electronic structure. The planar molecules 
of TCNQ involved in a stack, are parallel between themselves, but they 
are not necessarily perpendicular to the stack4. Contrary to most 
4 
ordinary ionic crystals a TCNQ molecule on becoming a TCNQ (anion) 
has an electronic open shell in charge transfer salts. The distance 
between the two nearest TCNQ (anions) is 'usually slightly shorter 
than the normal Van der Waals distance 
5. From a theoretical point 
of view these materials are extremely interesting, because their. 
properties are expected to deviate markedly from those encountered 
in three dimensional conductors. The TCNQ molecules overlap on one 
another in a characteristic fashion; the cantre of the molecule is 
the 
situated above the centre ofqüinodimethane double bond of the other 
molecules. 
In the complex salts there is an alternation of spacing between the 
TCNQ molecules in the stack and these molecules(in the stack)form 
structurally repeating groups of two, three or four. There is a 
strong overlap within the pairs, but there may be no strong overlap at 
all between the pairs6. The ability of the TCNQ anions to form 
quasi-one-dimensional conducting stacks in crystals can be used to 
synthesise compounds which provide models of Little's super: conducting 
molecule7. An in cease in the exciton interaction between the stacks 
of TCNQ- (anions) can apparently be achieved by the introduction, for 
example, of the chain of substituents capable of forming hydrogen 
bonding. It is also thought possible that with the appropriate choice 
of a cation it would be possible to prepare conducting stacks of TCNQ 
5 
0 
with a separation of less than 3.22 A between the planes of the TCNQ 
molecules. A decrease in the distance should lead to even stronger 
8 
exchange interaction between the TCNQ molecules in the stacks, and 
the 
hence possibility of new effects related to the electrical and 
magnetic properties of these one-dimensional systems. The synthesis 
of new one-dimensional organic metals would be a great step forward. 
1.2 Electron Correlation in'TCNQ Salts 
The basic question which needs attention in order to understand 
the properties of both metal-like and semiconducting TCNQ salts) is 
whether the electrons in the salts are free or localized due to 
strong electron-electron repulsion. Let us begin to formulate the 
solid state electronic structure by considering face face TCNQ anion 
dimers. 
Let 4 be the molecular wave function corresponding to the lowest 
occupied orbital of TCNQ. A low lying dimer wave-function, i. e. a 
linear combination of molecular orbitals. 
6 
`Y+ =c ý4 ± fib) C1) 
Where + and - signs refer to the bonding and antibonding combination 
respectively, and c is a normalizing constant. Ilius (TCNQ) 
2- 
anion 
dimer would then have two electrons occupying the bonding orbital 
in a spin configuration i. e. 
T mo 
The Hamiltonian convenient to describe this situation is in second 
quantized notation 
9ý 
_ -t E Cab+ + b+ a(, ) +U (na (+) na ý4) + nb (+) % (+) (3) 
Where the operator aQ removes an electron with spin a (+ or +) from the 
molecule, in the orbital as places an electron with a on the molecule. 
na = aQ as is the number of electrons with spin a (na = 1,0) on 
ct Cr 
the molecule a in the orbital c. The energy associated with the 
orbital 4 is taken as the zero reference energy; the transfer integral 
t measures the attraction of an electron on molecule'a'toward a molecule 
4 
'I; and vice-versa; U represents the relative extra coulomb energy when 
a given molecular orbital is doubly occupied. In this notation, the 
bonding and antibonding orbitals (equation (1)) are described by the 
operators Ya± which create an electron with spin a shared equally 
between both members of the dimor with respectively similar and opposite 
phases. 
TQt = .ý ("iQ ± bQ) (4) 
The bonding orbital gains an energy t relativetthe zero of energy while 
the antibonding state is higher in energy by the same amount; i. e. the 
bonding orbital has energy -t and the antibonding orbital +t. The 
anion dimer with both electrons in the bonding state (equation (2)) 
will then gain a resonance energy (-2t). In this state, each orbital 
N or cßb) has a probability of j of being occupied by an electron 
of a given spin; this then leads to a coulomb energy (equation (3)) 
of JU U. Thus while the linear combination of molecular orbital 
wave-functions lowers the total energy via the resonance term, the 
coulomb energy is increased because of the configurations where the 
electrons get near one another; i. e. on the same molecule. Consider 
a linear chain of dimer anions which we imagine to be constructed by 
/// 
Fig(4) 
pushing dimers in one dimension , towards one another uniformly 
from infinity. As the interdimer distance diminishes, the interdimer 
resonance integral t' (< t) increases, this leads to spreading of 
bonding and antibonding dimer wave-functions over many dimers with 
relative phases and amplitudes resulting in a broadening of the states 
into bands. 
+t 
-t 
t= t' 
7 
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At the point where the chain becomes uniform (b =a and t' = t) the 
bonding and antibonding bands merge. Here symmetry dictates that 
the wave-functions at all sites have equal amplitudes i. e. completely 
delocalized states, characteristic of a metal. Indeed for the ground 
state of a uniform chain of TCNQ- anions all the bonding orbitals 
must be occupied by singlet pairs and all the antibonding states 
empty. Thus for a long chain N -; a it takes arbitrarily little energy 
to excite an electron from an occupied bonding into an unoccupied 
antibonding state i. e. we have a metal. Let us consider the dimerized 
chain again (Figure 4). A finite energy of order 21t- t' I is 
required to excite an electron from the filled bonding (valence) band 
into the empty antibonding (conduction) band; this is the energetic' 
characteristic of a direct band gap semiconductor. In fact most of 
the 1: 1 TCNQ salts involve, dimerized TCNQ chainsl0 and are indeed 
semiconductors. Some of the TCNQ salts with organic cations seem to 
remain uniform down to reasonably low temperatures; e. g. T TF - TCNQ11, 
NMP - TCNQ. These systems, indeed seem tobe metallic, at least 
12 
above some critical temperature region below which they also become 
semiconducting10. The dimerized structure seem to be prevalent 
relative to the uniform chains. It is likely that the Peierls 
instability13 of uniform one-dimensional metallic chain is playing 
a role. Kommandeur and his co-workers14 have suggested that the 
Peieris effect is the basis of the dimerization of 1: 1 TCNQ salts. 
Let us consider the coulomb forces which lead to correlations 
between the electrons. For the Hubbard modelis of the dimer problem, 
the MO wave-function (equation 2) contains ionic configurations 
(i. e. TCNQ° - TCNQ ) which result in a coulomb repulsion U12. If 
U> 4t, it would be energetically more favourable to localize electrons 
i. e. to correlate the twv electrons so that there are no ionic con- 
9 
figurations. This is the traditional valence bond (or Heitler-London) 
approach where the four states are written as a singlet 
vr2- 
and three triplets 
Tl 
T_1 
These purely covalent states have zero expectation values for the 
energy (equation (3)) because of the complete absence of ionicity. 
(There are, however, intercentre charge interactions. ) For large 
coulomb energies these correlated states are then a better first 
approximation than the uncorrelated electron molecular orbitals. 
In this limit, we might expect to improve the approximation by 
allowing the resonance term to mix perturbatively 's with some of 
the high energy ionic configurations of the type ýa(+) ýa('). This 
leads to lowering in energy of the singlet-triplet relative to the 
triplet by -4t/U. This singlet-triplet splitting may be re-written 
as an effective antiferromagnetic Heisenberg exchange interaction 
1 
between the electron spins localized on each of the molecules8. 
Js Sb Where J= 4t2/U 
If we consider a linear chain of these highly correlated dimers, the 
low lying singlet and triplet states spread into bands. 
10 
Triplet 
Singlet 
When the chain becomes uniform, the two bands merge, giving rise 
to a singlet ground state but with some triplet excitations at zero 
energy. These low lying triplets are the well known spin waves of 
a uniform Heisenberg chain16. As one'dimerizes slightly away from 
a uniform chain, the singlet energies are reduced, thus suggesting 
17 
that a uniform Heisenberg chain should also suffer a Peieris distortion . 
Thus an alternate possible description of the dimerized alkali TCNQ 
salt is in terms of highly correlated localized electrons experiencing 
an antiferromagnetic Heisenberg interaction. 
18 
1.3 Crystal Structures of TCNQ Salts 
Charge transfer salts which involve cyclic planar molecules 
commonly crystallise in a lattice structure based on planar stacking19. 
The planar molecules or pairs of different planar molecules in any 
stoichiometric proportions, form plane to plane stacks of molecules. 
20 
In most of the salts the crystalline structures show the existence 
of linear stacks of individual components. The planar molecules 
involved in a stack are parallel between themselves but they are not 
ii 
necessarily perpendicular to the stack direction. In some cases 
there are two possible orientations of the chains equivalent to 
rotation of 180° e. g. Cs2 TCNQ321 or even four as in KTCNQ and 
NaTCNQ22. However, in this case there are two kind of stacks, 
crystallographically non-equivalent20. In some salts the anion 
stacks are separated by the cations and the repeat unit of the chain 
can contain one, two, three or even four molecules23. In the 1: 1 
salts linear chains consist of stacks with alternately one-electron 
donor molecules, D, and one-electron acceptor molecules, A, i. e. 
DADADA.... e. g. TMPD - TCNQ24. A significant 
exception to this rule is'TTF - TCNQ11. The distance between the 
neighbouring chains of anions may be increased by the steric hinderance 
of the cations. In case of inorganic cations these can be easily 
located between linear chains and they are far from each other in 
comparison to their ionic radii22. Thus in this case the crystalstructure 
is essentially determined by the stacks of TCNQ- (anions). The 
crystalline structure can be appreciably modified by the nature of 
the organic cations. Many of them are molecules of about the same 
dimensions as those of TCNQ anion e. g. N-methylphenazine, Quinoline. 
When the cations are planar molecules they have a tendency to stack 
in columns but with an intermolecular distance quite close to 
Van der Waals radii e. g. in N-methylphenazinium TCNQ (NMP - TCNQ) 
NMP planes are 3.36 
A distant25. For other stoichiometries there 
are several schemes for the stacking of the cations. In 1: 2 salts 
cations can be either in stacks with molecules nearly parallel to 
the stack direction or in columns with the same geometry as that of 
cations in 1: 1 salts23. Consequently in 1: 2 salts the number of 
" anions is greater than the number of stacks of cations e. g. 
27 Quinolinium (TCNQ)2. 
12 
For 1: 1 and 1: 2 salts the great separation between chains 
can appear only in one direction, and the TCNQ chains are quite 
28 
close to each other in the other direction e. g. NMP TCNQ and AC-(TCNQ) . 2 
In the case of planar molecules, we are concerned with; 
(i) the distance between two consecutive molecules, and 
(ii) the geometrical overlap of the TCNQ molecules. In regular 
TCNQ anion chains the planar molecules are nearly parallel (however, 
appreciable deviation from parallelism has been found in some salts). 
The distance between two consecutive molecules can be significantly 
less than the Van der Waals distance29. This fact is related to the 
intermolecular interactions. For alternating TCNQ anion chains 
several cases exist; two molecules per period, three molecules per 
30 
period and four molecules per period. The distance between 
consecutive TCNQ anion planes alternate. 
30 
'--' (Morpholinium+)2 (TCNQ)3 
00 
3.25 A 3.24 A 3.25 A 
21 
(TWD) (TCNQ) 2 
3.23 Ä 3.25 3.23 
The shortest distance 3.23 A in case of TMPD(TCNQ)2 is shorter than 
the Van der Waals distance and the longest 3.25 Ä can be either shorter 
or greater than the Van der Waals distance. These distances characterize 
0 
the more or less strong alternation in the chain. In the extreme 
case of very strong alternation, the existence of columns becomes 
less meaningful, but it seems more reasonable to speak in such cases 
31 
of isolated dimer structure e. g. (TMA)2 (TCNQ)3. In the other 
alternated chains (means three or four molecules per period) usually 
the distances are shorter than the Van der Waals distances. 
Geometrical overlap: The reciprocal geometry of two consecutive 
molecules is completely defined by the intermolecular distance 
and projection of one molecule onto the plane of the other. Most 
of the different types of overlap for TCNQ chains have been extensively 
discussed by Herbstein20, who proposed the following classification 
. of the different overlaps: 
13 
Ring-external bond overlap 
Ring-ring overlap 
14 
and a new type of overlap found in Na TCNQ and NPQ TCNQ: 
X 
SX 
W 
For a general description of these systems we define the overlap by 
the translation along both axis X and Y in the molecular plane. The 
case of ring-external bond overlap corresponds toýöx =0 and ring-ring 
overlap oy = 0. In most of the regular chains the overlap is of the 
ring-external bond type. When one repeat unit contains three or 
four molecules the situation is more complicated. 
1.4 Scope of This Work 
TCNQ salts exhibit several exceptional properties. No other 
quinodimethane anion radicals have been previously reported, although 
several quinodimethanes have been converted to cation radicals3. The 
, solid state properties of '. CNQ 
derivatives are remarkable, with 
electrical resistivities ranging from insulators to metals. Few 
salts have resistivities virtually as low as metals e. g. (TTF - TCNQ). 
The correlation effects are also important in the less conducting 
salts. This is evidenced by the variety. of triplet excitons observed 
in some of these compounds32. From band theoretical model these 
triplet excitons may be regarded as localized electron-pairs while 
mobility and exchange is thermally activated. If the electron-electron 
interactions are small the binding of the electron and hole is weak. 
15 
These excitons may be regarded as mobile electron-hole pairs. The 
bound electron-hole pairs exciton (triplet) show spin-spin interaction 
in their Electron Spin Resonance Spectra. The size of this dipolar 
splitting in the ESR spectrum is the measure of the degree of electron 
correlation32. Therefore, it is worthwhile studying triplet excitons 
in the TCNQ salts in order to get information on the degree of correlation 
between electrons in less conducting salts. In the intermediate and 
good conducting TCNQ salts, ESR spectra show a single absorption line 
which corresponds to mobile electron-hole pairs system. ' These studies 
help in discriminating between various models which have been used to 
explain the properties of TCNQ salts. These models will be discussed 
in more detail in the subsequent Chapters. 
16 
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CHAPTER II 
Magnetic Properties'of TCNQ Salts 
Lewis and Kasha1 were the first to introduce triplet state 
phenomenon into organic chemistry to explain the origin of Phosphorence 
in conjugated molecules. The triplet states were generated by 
radiative transitions between the ground state (singlet states) and 
the lowest excited states (triplet states). The triplet states are 
spin triplets which establish three distinct, but energetically similar 
electronic states as a result of the magnetic interactions of two 
unpaired electron spins. In conjugated molecules the two electrons 
2 
. 
characterizing the triplet state are normally 7r-electrons. The 
molecular orbital description of the electron configuration of a% 
triplet state corresponds to the lowest singlet state (ground state). 
So, first excited state (Singlet State) S1, and first excited triplet 
state Tl, as shown in figare 
Vo -- ý\ ti 
3T1 
vo 
by I Ihv 
(absorption) (e t. ssio 3 
(phosphorance) 
V. W.. S 
OO 
The orbital energies of the valence electrons and the electrostatic 
exchange interactions determine the ground state. When an electron 
is excited from the highest filled orbital ýa into the lowest empty 
one fib, the electrostatic exchange energy is large and negative when 
1J 
the spins are parallel, thus the triplet lies lower than the excited 
singlet. The energy gap between the ground state singlet and excited 
triplet is the difference between the orbital promotion energy 
E-E. 
10 
The common structural feature of charge transfer salts of TCNQ is 
the presence of linear chains of exchange-coupled radical ions of 
3 TCNQ. The repeat unit of the linear chains is of importance in the 
analysis of the electronic excitations in these salts. The high 
temperature crystal structure of TMPD C104 show regular linear chain 
and the repeat unit contains one TPPD+ cation radical4. In the low 
temperature structural analysis there are two ZT1PD+ cation radicals 
in a repeat unit4. 
JJ 
Hi H 
j*-- i 
j#J J=. T 
High temperature Low temperature crystal structure 
crystal structure 
The Morpholinium TCNQ has two anion radicals in a repeat units which 
is similar to that of Wurster's blue perchlorate at low temperature. 
In Cs2 (TCNQ) 3 there are three TCNQ molecules 
(with two electrons) in 
a repeat unit6. In (N, N'-Dibenzyl 4,4'-bipyria; ilium)2+ (TCNQ)4- salt 
there are four TCNQ molecules (with two electrons) in a repeat unit7. 
The charge transfer salts which consist of alternate donor and 
acceptor molecules in the crystal lattice, i. e. ... DA DADA... 
(e. g. TMPD - TCNQ), there is one D+ and one A in a repeat unit. 
20 
Thus two spins per repeat unit could be achieved for example by two 
positive (D+ D+) or by two negative (A A) radical-ions as in the 
low temperature structure of Wurster's blue per-chlorate or as in 
Morpholinium TCNQ. These two spins per repeat uni may combine so 
as to give a singlet ground state So or excited states T1 and S1 of 
the repeat unit. Because of inter-pair exchange interaction the 
triplet states may prop agate along the linear chains. These mobile 
triplet states are called triplet excitons8. Qualitatively the 
paramagnetic resonance spectrum of localized triplet excitons will 
be due to dipolar interaction of two odd electrons of a repeat unit 
9 
and further nuclear hyperfine splittings. The nuclear hyperfine 
splittings are averaged to zero when the exciton are mobile yielding 
sharp single line spectra. The triplet exciton spectra are usually 
observed at low temperatures when the exciton concentration is low, % 
otherwise the spin exchange interactions between excitov%s affects 
the fine-structure splittings. As the temperature is raised the 
resonance line becomes broader and at higher temperature the spectrum 
consists of a sharp line. The initial broadening and merging and 
subsequent narrowing is a characteristic behaviour due to spin exchange 
interactions among the triplet states10. The spin exchange Hamiltonian 
for magnetic electrons is: 
E -1.4. 
ijj ij 
sisi 
Where Jij is the exchange interaction between the unpaired spins on 
molecules i and j. 
21 
II. 1 One Dimensional Hubbard Model 
The Hubbard11 Hamiltonian for a one dimensional lattice is: 
X= 
tE (anaa(n+l)a+a(n+1)aana) +Unanaanßanß na 
Where the electron creation and annihilation operators any ana are 
defined for the odd electrons at each site. The Hubbard model provides 
a simple idealized model for'studying both electron correlation effects, 
as represented by the U term and charge transfer represented by charge 
transfer integral t, (i. e. electron delocalized effect). When t=0 
and U=0 the model represents the isolated sites and one band metal. 
Ike I iOJQt 
When t/U is small, there is one electron per site andxrepresents a 
Mott insulator. The strong correlations for U»t are further 
12 
manifested by effective Heisenberg spin Hamiltonian, i. e. a limiting 
case of Hubbard Hamiltonian. 
2 
H=U (Sn Sn+l - 4ý 
4 
This describes the low temperature magnetic properties of a free radical 
chain with Sn =j at the nth site. 
11.2 Types of Triplet Excitons 
The overall magnetic properties of these salts are dominated by 
the strong antiferromagnetic exchange interactions along the radical-ion 
chains9. The strong coupling between adjacent radical-ions (probably 
due to charge transfer stabilization) requires a collective description 
for the spin excitations13. The charge transfer salts of TCNQ are 
usually semiconductors14 containing lightly bound electrons. The exchange 
22 
problem along each chain reduces to that of the linear Heisenberg 
antiferromagnet15,16. 
N 
o= , 
E1 [J(1+6) S2j. SZj+1 + J'(1-ö) S2j S2j-11 
Where 6 is the alternation parameter (0 46 iC 1), J>0 for antiferro- 
magnet coupling, Si is the spin operator for the jth radical-ion of 
the 2N radical-ion chain, and each radical has spin J. 
When 6=0, each spin interacts strongly with two adjacent spins. 
When S-1, each spin interacts strongly with only one other spin and 
the problem reduces tb that of N- weakly interacting dimers, each 
composed of two radical ions. The large and small alternation 
parameters are a consequence of the different spatial distributions 
of the spin forming a triplet excitois. 
For 6-1 the two spins forming the triplet are always adjacent 
on the same dimer and move simultaneously as if they are strongly 
coupled. Such excitations will be called Frenkel Spin excitations. 
As ö is decreased the spins forming the triplet spread out on several 
ll dimers. For 6=0 Bethe has shown that spin wave excitations have 
lower energy for antiferromagnetic coupling than bound spin coupling. 
Thus the spins forming the triplet excitations do not remain adjacent 
for 6-0 and move independently through the lattice. These excitations 
will be called Wannier Spin excitons. 
It is generally assumed that the valence electrons are localized 
on the TCNQ molecules, and that the electron transfer integral is 
small compared to electron-electron interactions. The satellite lines 
observed in the ESR spectra of some TCNQ salts aye attributed to moving 
23 
triplet species18. These excitons will spread over several dimers 
and would also be reflected in the magnitude of the dipolar splitting 
parameters. Kommandeur18 named these excitons as extended Frenkel 
excitons. 
A central line which is always present in the ESR spectra of 
TCNQ salts is commonly assigned to a spin doublet due to isolated 
electrons and/or holes. 
11.3 Triplet Exciton Hamiltonian 
Let us consider a charge transfer salt whose crystal structure 
contains radical ion chains with two spins per repeat unit. Thus a 
one-dimensional array of sites is obtained. As we know the electro- 
static interactions are more prominent compared to magnetic interactions, 
thus neglecting magnetic interactions, the spin exchange Hamiltonian is 
-i. "&-foY a 
the same asAlinear Heisenberg antiferromagnet. In the absence of 
coupling between different sites J' =0 and the solutionsof the equation, 
are the singlet triplet functions with energies -3/4 J and 1/4 J 
respectively. The singlet-triplet energy gap in principle could be 
evaluated from the molecular wave-functions of unpaired electrons19 
or from the temperature dependent intensity measurements. Consider 
two TCNQ anion radicals and let A- A0> be the wave function for 
the ions pair in the singlet state. Two excited singlet states with 
energy AE above the ground state are given by the configurations: 
Ä A, 0> and AÄ, 0> 
The second order mixing of these states with the ground state will 
lower the energy of the latter by an amount 2t2/AE, where t is the 
charge transfer integral. 
t= <A' A' ,011, 
IAA", 0> 
In the triplet state the two electrons cannot be on the same molecule 
simultaneously unless one of them is excited to a higher energy 
molecular orbital. 
AA, 1> 
The second order correction is therefore much smaller for the triplet 
ions pair state and is neglected. Thus a simplified Hamiltonian of 
the exciton system in a rigid alternating lattice is: 
N/2 
ý1.0 =E {J to to -4 (tn to+l + to+l tn) } 
n 
(Here multiple excitations and ionic states are neglected. ) 
Where to and to are the operators which create and destroy an exciton 
at the nth site respectively. This solution is valid for low exciton 
24 
concentrations and also accounts for the absence of hyperfine structure. 
If J= J' the problem is induced to linear Heisenberg antiferromagnet 
and for J' >J we may use the same principle to develop a linear 
antiferromagnet. 
II. 4 Exciton Fine Structure 
In formulating a suitable spin Hamiltonian to describe the 
triplet state we are concerned with two types of magnetic interactions: 
(i) The electron Zeeman interactions. 
(ii) The interaction of electron spins. 
As the two electrons are confined to a dimer (trimer or tetramer) for 
these salts several important points must be considered: 
(i) The two spins Sl and S2 are parallel and result in spin S. 
an. (ii) The isotropic g-value is replaced by an isotropic g-value. 
(iii) The dipolar coupling is averaged over all possible positions 
and the spin states of the two coupled electrons expressed in 
terms of S. 
. 
Considering all these factors the resultant Hamiltonian to describe 
a triplet state is20: 
g$HS +D (SZ -3 S2) +E USX - Sy) 
Where D and E are zero field splitting tensors, and 
22 
D g2 ß2 
Y12 3 Z12 
4 
Y12 
E_ &2 $2 
22 3 Y12 -3 X12 
5 
Y12 
If the linear chain has axial symmetry in the direction of the 
25 
chain, then E vanishes. 
The fine structure parameter D for a triplet state is given by 
21 Lynden Bell et al 
Ö CosK 
Where D° is the splitting due to the interaction between two spins 
on the same site and D' the splitting due to two interacting spins 
on adjacent sites, K is the momentum of the exciton wave. The 
molecular vibrations interact with the exciton waves causing rapid 
scattering between K states. If J' « kT, the observed fine splitting 
reduces simply to that due to spin dipolar interactions between two 
electrons on a dimer. The parameter D caii be approximated with the 
help of molecular geometry and spin distribution, i. e. 
D=4 g2ß2 E epeq (1 -3 cospa' ) YPQ 
PQ 
Where (p and Pq are the spin densities on atom p of the : molecule m 
and an atom q of the molecule m+1, m and m+1 forming a site. 
pq 
is the angle between the chain axis and the vector distance yi 
connecting p to q. A similar expression may be used to calculate E15. 
26 
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11.5 Effects of the Lattice Vibrations 
The lack of dependence of D on the wave vector k is not the 
only evidence of interaction between molecular vibrations and triplet 
excitons. There is also-indication from X-ray scattering and anomalous 
exchange, narrowing of the exciton lines. The coupling between excitons 
and lattice phonons has its origin in the fact that the triplet state 
is a repulsive state and so the presence of an exciton on a site is 
accompanied by a lattice deformation. Such an electrostatic interaction 
may be large compared with magnetic interaction and is independent of 
the z- component of the exciton spin Sz. Considering two limiting 
cases: 
(i). The electronic excitations transfer from one site to another 
in a time which is shorter compared with the time required for ,% 
a site to reach new equilibrium position. 
(ii) The excitation transfer is so slow that the molecules of-a 
site do have time to occupy new. equilibrium ý: ositions. 
In both the cases the presence of lattice distortions due to the excitons 
is expected to affect the X-ray scattering from the crystals21. In TCNQ 
salts where the exciton concentration is known from ESR experiments, the 
effects of thermally-excited phonons on the diffracted t-ray intensities 
can easily be'separated from those of the triplet exciton, because of 
their different temperature dependence and the excitation density is 
defined as: 
P_3 exp (-J/KT) 1+3 exp(-J/KT) 
ESR measurements on the line width of triplet excitons at various 
temperatures give a clue to the nature of excitons, whether they are 
localized or mobile. Crystal structure determinations at different 
28 
temperatures may give a definite solution to this problem. In exchange- 
narrowing studies, the Bloch equations are modified to include exchange 
effect, and the exchange frequency can be related to the collision 
frequency of the excitons which is proportional to their concentration 
at a given temperature; 
Vaca [exp(J/KT) + 3]-1 » exp -J/KT 
and the temperature dependence of the exchange frequency 
given by 
V= V0 exp(-DE/KT) 
It is observed in all TCNQ systems that AE is substantially larger 
than J. This difference between the activation energy for exchange 
22 
bE and singlet-triplet excitation energy J can be explained considering 
the additional motion of the excitations with an additional activation 
energy for diffusion e= EE-J. It should he pointed out that the 
narrow exciton lines observed at all temperatures require that the 
hopping rate be fast. The localized excitons, which move by a 
thermally activated process at moderately high temperatures still 
move by a non-activated process at low temperature fast enough to 
remove the hyperfine broadening23. A calculation of the exciton 
line shapes24, gives correct residual hyperfine line width from the 
calculated jumping rate, and predicts Lorentzian lines for localized, 
diffusional excitons. On the other hand free excitons are expected 
25 
to give Gaussian lines. 
6 
11.6 Spin Susceptibility 
TCNQ salts provide good examples of strongly alternating 
Heisenberg antiferromagnets. The ground state of the linear Heisenberg 
antiferromagnet is a singlet state, while the elementary electronic 
excitonic excitations consists. of a band of N/2 triplets. It is 
assumed that the two spins forming a triplet exciton are adjacent for 
strongly alternating antiferromägnets at low temperature. At high 
temperatures, the spins forming the triplet excitation are not adjacent 
and the excitations resemble pairs of doublets or a paramagnetic gas. 
The molar paramagnetic susceptibility of a system with a diamagnetic 
ground state and paramagnetic excited state (triplet) 
26 is: 
X_ = Nt[S(S+1)g2ß2/3KT] 
Where S=1, g=2,0 = Bohr magneton, K= Boltzman constant, 
S 
N= avogadrornumber, and Nt = number of triplets. 
For a special case of isolated triplets (ö = 1) it can be found 
from: 
Nt _ [1 +1" 
AE/KT)-1 
6 
Where AES-T is the singlet-triplet separation energy, Nt could be 
found in general from the solution of linear Heisenberg antiferromagnet 
Hamiltonian. 
The Nt singlet-triplet excitation energies ce(T), which describe 
the elementary excitation of strongly alternating Heisenberg antiferro- 
27 
magnets are temperature dependent in the pseudo-spin approximation. 
29 
The interactions are largely included in the ee's so that the triplet 
30 
quasi-particles obtained are non-interacting at any temperature in 
the approximation of turncating Heisenberg antiferromagnet Hamiltonian. 
In the limit of an infinite chain (N + a) the calculated triplet 
exciton density16 is: 
E (T) -1 
Nt = Tr 0 
{1 +3 exp-KT } d6 
0 
where 
Eg = laKI = J{62(T) + [y(T) + Se(T)]2} x (1 - q2(T) Sin2K) 
and 
E8 - NI =J [Y (T) + S(T)) [1 - q2 (T) Sin2K] 
i 
Y= il - ß) 
The pseudo spin results for the molar paramagnetic susceptibility can 
be obtained by inserting the value of Nt in the first equation. 
31 
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CHAPTER III 
SYNTHESIS AND ESR STUDIES OF TRIPLET EXCITONS 
An interesting consequence of electronic spin interactions is the 
existence of triplet excitonsl in TCNQ salts. These excitons can exist 
at very high concentrations 1023 per mole for ý3 Me As-TCNQ22 at room 
temperature. The spin-spin interactions play a very important role 
in the magnetic behaviour of these systems. The dipolar splitting 
appearing in the ESR spectra has been attributed to an excited triplet 
state of strongly correlated spins. Because of the dipolar splitting, 
tensor elements depend strongly on the mean distance between the spin 
particles, which constitute the triplet state, these elements are a 
measure of the size of the exciton. 
III. 1 Synthetic Work 
III. 1.1 Materials 
Tetracyanoquinodimethane (TCNQ) obtained from the Aldrich 
Chemical Company was recrystallized three times from Acetonitrile. 
Acetonitrile supplied by BDH was refluxed over P205 over a 
period of two days and then distilled over Ba(OH)2 and the fraction over 
81 - 82°C was collected. Absence of green colour on boiling with TCNQ 
is indicative of adequate solvent purity. 
Pyridine - Analytical grade pyridine obtained from BDII was 
distilled and the fraction over 115 - 116°C was collected. 
34 
Substituted Pyridines - All substituted pyridines obtained from 
BDH were used as such. 
4-Amino-Pyridine - Analytical grade 4-Amino-Pyridine supplied by 
the Aldrich Chemical Company was used without further purification. 
Iodomethane - Iodomethane supplied by BDH was used without further 
purification. 
Ether, Acetone, Benzene and Dichloromethane - All analytical grade 
dried over molecular sieve were used. 
Lithium Iodide - Lithium Iodide obtained from BDH was dried by 
heating to 300°C in vacuum. 
111.1.2 Synthesis of Intermediates 
1-Methylpyridinium Iodide: Pyridine reacts with Iodomethane 
at room temperature to form a methyl substituted quaternary salt. 
. 
Ck), 
N 
+ CH3I 
I 
CH3 
The light yellow crystalline product was recrystallized three times 
from warm methanol giving a hard colourless crystalline material with 
melting point116 C. 
1,2-Dimethylpyridinium Iodide3: 10 ml (0.1 mole) of 2-Methyl- 
pyridine was refluxed with 5 ml (0.1 mole) of Iodomethane in 50 ml of 
Benzene. A light yellow product was recovered by the addition of 
acetone to the cold reaction mixture. This light yellow product was 
recrystallized three times from warm methanol as white crystals with o 
melting point 230°C. Its structure was confirmed from its Proton 
Magnetic Resonance Spectrum (Fig. 1). 
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Fig. 1. Proton magnetic resonance spectra of different 
methyl substituted pyridine quaternary salts. 
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1,3-Dimethylpyridinium Iodide: 10 ml (0.1 mole) of 3-Methyl- 
pyridine was refluxed with 5 ml (0.1 mole) of Iodomethane in 50 ml of 
benzene overnight and°light yellow product was separated by the 
addition of dry ether to this cold reaction mixturt. The product 
a 
was recrystallized three times from the hot methanol to white 
crystalline material of melting point 96c . Its structure was 
confirmed from the Proton Magnetic Resonance Spectrum (Fig. 1). 
1,4-Dimethylpyridinium Iodide: 10 ml (0.1 mole) of 4-Methyl- 
pyridine was refluxed with 5 ml (0.1 mole) of Iodomethane in 50 ml 
of benzene. The light yellow product was recovered by the addition 
of acetone/ether to the cold reaction mixtur'. It was recrystallized 
three times from hot acetone to give a hard white crystalline material 
of melting point 154°C. Its Proton Magnetic Resonance Spectrum 
confirmed its structure. 
1,2,4,6-Tetramethylpyridinium Iodide: 13 ml (0.1 mole) of 
2,4,6-Trimethylpyridine was refluxed with 5 ml (0.1 mole) of 
Iodomethane in 100 ml of benzene over a period of two days at a 
minimum boiling temperature. A light yellow product was recovered 
by the addition of dry ether to the cold reaction mixture. It was 
recrystallized three times from warm methanol to give a white 
crystalline material of melting point 214°C. Its Proton Magnetic 
Resonance Spectrum confirmed its structure (Fig. 1). 
111.1.3 Synthesis of 1: 1 (Simple) TCNQ Salts 
Lithium TCNQ was synthesised by the method of Melby et a14. 
All the 1: 1 salts of substituted pyridines were synthesised by mixing 
37 
1: 1 molar water solutions of quaternary pyridinium salts to Li TCNQ 
water solution. The reaction mixture was allowed to stand for two 
hours and the microcrystallineintense colour products were separated 
by filtration. These were dried over P205 under vacuum. 
111.1.4 thesis of 1: 2 (Complex) TCNQ Salts 
All the complex salts of substituted pyridines were synthesised 
by mixing 1: 1 mole ratio of boiling solutions of the quaternary salts H2 TCNQ 
and TCNQ. This reaction mixture was then placed in a dewar flask to 
allow the reaction mixture to cool to room temperature very slowly. 
After twenty-four hours the reaction mixture was placed in ice/water 
mixture for an hour or two and the products in the formf platelets 
were separated by filtration. It is washed over the filter paper 
with minimum amount of ether/acetonitrile mixture or dichloromethane. 
The products were dried over a molecular sieve under vacuum. 
(Pyridinium+) (TCNQ ), (Pyridinium+) (TCNQ)2 and (Pyridine) 
(Pyridinium+) (TCNQ) 2 were synthesised by the method of Melby et a14. 
(4-Aminopyridinium+) (TCNQ ): . 188 gms (. 001 mole)' of 4-Amino- 
pyridine was dissolved in 10 ml of acetonitrile and mixed with a boiling 
solution of .2 gms (. 001 mole) each of TCNQ and H2TCNQ in 40 ml of 
acetonitrile. This reaction mixture was allowed to cool down undisturbed. 
a 
After two hours blue needle-like crystalline product was separated by 
filtration and washed with small amounts of ether/acetonitrile and dried 
under vacuum. 
Growth of good single crystals, and purification by recrystallization, 
was unsatisfactory due to appreciable reaction or decomposition. 
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111.2 Electron Spin Resonance Measurements 
The presence of unpaired electrons has been manifested in many 
charge transfer compounds in the solid state by the appearance of 
electron spin resonance absorptions. The paramagnetism of TCNQ salts 
shows different classes of behaviour depending upon the origin, 
distribution, and the interaction of unpaired electrons. The degree 
to which the electrons are delocalized and coupled, will determine 
whether the ESR absorption is associated with isolated S= doublet 
or with states of higher multiplicity. Soos6 has suggested that the 
triplet excitons for a regular linear antiferromagnet system differ 
primarily in spatial correlation between the two spins forming the 
triplet state. The strongly correlated pairs are called Frenkel 
spin excitons and when the two spins move independently they are 
called Wannier excitons. Frenkel spin excitons are found in a number 
of TCNQ salts. They-are characterized by the electron-electron 
dipolar interactions between electrons moving as a pair. No such 
fine structure is expected for the Wannier spin excitons, since the 
electrons move independently of each other. The Wannier spin excitons 
may interact with magnetic fields, nuclear spins and other Wannier 
spins. 
Electron spin resonance measurements were made with a Varian 
EPR Spectrometer at X and Q band frequencies at 100 KC modulation. 
An "Air Products and Chemicals Inc., U. S. A. " temperature variable 
cold finger "DISPLEX" was used. The single crystal studies were made 
at Q band frequency. Needle-like single crystals were mounted with 
UHU glue on a small Teflon support which was screwed into the cavity 
in a desired crystal axis. The temperature was recorded with an 
accuracy of ±1K. The magnet was rotated from 0 to ir angle and 
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dipolar splittings were recorded within each 10° variation. Powder 
samples were studied at X band frequency where a small disc was 
prepared from the powdered sample and mounted on a small brass 
crystal holder screwed over the top of the Displex cold finger. 
The temperature correction between the sample and the cold finger tip 
was"made. Experimental conditions for all the intensity measurements 
were held constant. The resonance intensity comparisons were made 
with a standard free radical a, a' diphenyl-ß-picrylhydrazil (DPPH) 
and generally it was found that the ESR signal intensity exhibited 
by these salts (simple as well as complex) was one or two orders of 
magnitude less than that of the equivalent amount of the standard 
sample., The validity of such a comparison at one temperature, of 
course depends on standard and salts exhibiting the same ground 
state electronic state multiplicity. 
We have conducted ESR measurements on a number of TCNQ salts. 
We shall classify these salts into two classes, one, consisting of 
very low conductivity, and the other, consisting of intermediate and 
good conducting salts. The low conducting group show spin-spin 
interaction fine-structure in the ESR spectra. This group consists 
of Pyridinium TCNQ and 4-Aminopyridinium TCNQ salts. The intermediate 
and good conducting group show single line absorptions with some 
structure in a few cases. This group consists of all the salts 
listed in Table(2iother than the two mentioned above. 
111.2.1 Low Conducting Salts 
All the low conducting salts consist of strongly correlated 
pair=of electrons of a triplet state7. These show characteristic 
4i 
triplet state ESR spectra, i. e. zero-field splittings. Valuable 
information is obtained from the ESR spectrum in the temperature 
region where zero-field splitting of the triplet state has not 
collapsed due to spin exchange. For many of these salts this tempere . 
ture region is well below room temperature and therefore 
experimentally inconvenient. Pyridinium TCNQ and 4-Aminopyridinium 
TCNQ salts exhibit zero-field splitting at room temperature. 
Therefore these salts form a good class of compounds for investigation 
of electron correlation in TCNQ salts. 
111.2.2 Pyridinium TCNQ 
This salt was obtained in the form of needle-like crystals. 
The ESR measurements were conducted both on powder and single crystals. 
The characteristic room temperature triplet exciton powder spectrum 
is shown in Figure 2. In powdered materials the molecules are oriented 
randomly, consequently the line shape of the ESR spectrum is complicated. 
However, the peaks in the spectrum simply correspond to the diagonal 
elements of the dipolar splitting tensor. Thus the peaks are at the 
resonance fields H±D, H±D; 
3E 
and H+ 
D-3E 
. The spacing between 
the peaks are field independent so that the various resonance peaks 
do not derive from g-factor differences of doublet state species. The 
observed peaks apparently represent true zero-field splittings arising 
from the dipolar interaction of two spins in c triplet state. The 
dipolar splitting parameters determined from the powder spectrum 
4 
with other results from previous studies are: 
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1" 
1.72 K 
216 K 
2 70 K 
290K 
(Fig. 2) E. S. R. Spectrum of a powdered sample of pyridinium-TCNQ as a 
function of temperature. 
a is 
K 
930 ýý6G 
(Fig. 3) E. S. R. -Spectrum of a pyridinium-TCNQ single crystal along an 
arbitrary crystal axis showing the intense regular exciton lines and 
additional fine structure. 
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TABLE 1 
Salt 
(Morpholinium+) (TCNQ ) 
(Ph3PCH3) + (TCNQ) 2 
(Morpnolinium+) 2 (TCNQ) 
3 
(DBBP+) 2 (TCNQ) 
4- 
(Pyridinium+) (TCNQ ) 
(4-Aminopyridinium+) (TCNQ ) 
DGEG Reference J(eV) 
-161 +19.2 9 
- 66 +10.5 10 
-100 +16 11 
- 71 +9 
TD 
150 17 This Work "018 -65 
120* 10* 
90 11 This Work . 02 -68 
130* 17* 
* Single Crystal 
The room temperature ESR spectrum of an arbitrarily oriented single 
crystal is shown in Figure 3. The spectrum consists of 
outer doublet, 
whose spacing is orientation dependent, and a relatively broad isotropic 
central line. The spectrum is centred at the free electron g-value. 
The origin of this doublet is the zero-field splitting of a thermally 
accessible triplet state. The central line is suggested to be due to 
uncorrelated TCNQ anion radicals in the TCNQ chain. The D and E 
parameters of the triplet spin Hamiltonian equation and the orientation 
of the zero-field splitting principal axes can be determined from the 
single crystal measurements of the angular dependence of the dipolar 
splitting about three mutually perpendicular axes (Figure 4). The 
dipolar splitting parameters derived from the single crystal measure- 
ments are listed in Table 1. 
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(a) 
(b) 
(Fig. 4) A plot of dipolar splitting tensor elements (Gauss) of regular 
excitons as a function of angle of rotation: 
(a) Pyridiniwn-TCNQ 
(b) 4-Aminopyridinium-TCNQ 
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111.2.3 (4-Aminopyridinium) (TCNQ) 
This salt was obtained in the form of reasonably large sized 
needles and in a better crystal shape compared to the pyridinium TCNQ 
salt. The ESR measurements were conducted both on powder and single 
crystals. The room temperature powder spectrum is shown in Figure S. 
It is a characteristic triplet state spectrum with some additional 
fine structure which will be explained later. The dipolar splitting 
parameters derived from the powder spectrum are listed in Table 1. 
The room temperature single crystal spectrum of an arbitrarily 
oriented specimen with respect to external magnetic field axes also 
contains additional fine-structure as'can be seen in the spectrum, 
Figure 6. The D and E parameters of the triplet spin Hamiltonian 
equation and the orientation of the zero-field splitting principal 
axes are determined from the angular dependence of the dipolar 
splitting, Figure 4. The D and E parameters derived from the single 
crystal measures are listed in Table 1. 
The magnitude of D and E, the zero-field splitting parameters 
of the usual S=1 spin Hamiltonian reflects the average spatial 
distribution of the correlated spins of the triplet state exciton. 
Thus if the spins remain near each other they interact more strongly 
and D and E values are large. In several representative crystal 
ll 
structures13 the flat planar TCNQ molecules form face to face stacks, 
separated by columns of cations. McConnell9 has calculated the D and 
E values fo:: a TCNQ dimer considering a single electron on each TCNQ 
molecule. The theoretical values are in agreement with the experimental 
values of (Morpholinium+) (TCNQ) but there is only 80% agreement for 
(Pyridinium+) (TCNQ) and (4-Aminopyridinium+) (TCNQ ). Shields14 has 
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(Fig. 5) E. S. R. -Spectrum of a 4-Aminopyridinium-TCNQ powder sample, 
showing the intense regular exciton lines and additional fine 
structure. 
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i4-AMI D PY. 'IDIIJIUP 1'{TCý4 
SINGLE CRYSTAL 
LIIC 
290 f< 
J 
rC 
290 K 
(Fig. 6) E. S. R. -Spectra of 4-Arinopyridinium-TCNQ single crystal 
along two arbitrary crystal axis showing the intense regular exciton 
lines and additional fine structure. 
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calculated D values for TCNQ sandwiches for different types of overlap. 
The theoretical values are not in agreement with the experimental 
values. It is clear from these theoretical calculations that point 
dipole model is completely inadequate for these systems. McConnell's 
estimate of D, were based on too large an interplanar spacing, and the 
fortuitous equality of the calculated and experimental values implied 
negligible exchange. The magnitudes of D and E indicate that the 
triplet state in all the TCNQ salts may be described as a tightly 
bound or Frenkel spin excitons rather than Wannier spin excitons. 
In the known crystal structures of TCNQ salts the infinite stacks of 
TCNQ molecules have been found to occur in groups of TCNQ molecules. 
The successive groups of TCNQ molecules are stacked so that the 
molecular overlap between TCNQ molecules in the same group differs 
from the molecular overlap between neighbouring TCNQ's on different 
groups. The size of the Frenkel exciton may be of the order of these 
neutral super-molecule units. Thus a simple picture of the average 
15 
Is on 
triplet state based,, as 4 TCNQ's in 2: 4 or (1: 2) salts; 3 TCNQ's 
in 2: 3 salts; and 2 TCNQ's in 1: 1 salts. In each case the TCNQ 
molecules seem to group in the crystal so that two TCNQ anion 
radicals are involved in the basic structural unit. 
Bijl, Kainer and Rose-Innes5 first considered the temperature 
dependence of the ESR signal intensities of solid charge transfer 
complexes. It was found that if there is a pair-wise spin correlation 
with a ground singlet state and an associated excited state separated 
by the exchange interaction J, then 
2Nß2 
IaIX 
T exp(J/kT +3 
T[exp(J/kT)+3 
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(4 -AMINO PYRIDINIUtt) (TCNQ) 
itl2612 0 
V =35.36 GHZ 
SINGLE GRYSTA L 
50G 
110E< 
232 K- 
210 K 
255 K 
50G 
E. S. R. -Spectrum of a 4-Aminopyridinium-TCNQ single crystal as a function 
of temperature. * 
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5061 
153 I. 
263K 
28oK 
3a0º( 
31ýK 
-....,. , 110 K 
1 
32-7. L 
E. S. R. -Spectrum of a powdered sample of 4-Aminopyridinium-TCNQ as a 
function of temperature. 
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ESR intensities of these salts fit in this equation which show that 
the model for TCNQ salts to describe the intensity Vs temperature 
behaviour consists of a ground state singlet and an excited triplet 
state, separated by an energy difference J. From a p]ot of In IT VS T-1 
the singlet triplet separation energies have been determined for these 
salts. The values are listed in Table 1. 
The triplet signals in Pyridinium-TCNQ and 4-Amin opyridinium- 
TCNQ can be measured between 172 K to 422 K and 205 K to 450 K 
respectively. Excitation energies were determined for these triplet 
excitons and are listed in Table 1. 
Triplet excitons do not show hyperfine structure due to motional 
narrowing. On the other hand provided the excitons move ,. bekweah 
geometrically equivalent sites, and have a narrow bandwidth, their 
zero-field splitting, is unaffected. The zero-field splitting spectrum 
does show tho effects of exchange at higher temperatures due to 
collision of the excitons with each other. 
Spin-spin exchange eliminates hyperfine structure even at 
temperatures where the exchange frequency might be expected to be 
small enough to allow the observation of hyperfine structure. The 
observed line-widths (0.3 -1 G) are significantly smaller than the 
overall width expected from the hyperfine structure16 (5 -7 G). 
53 
111.2.4 Additional Fine Structure Lines in the FSR Spectrum of 
4-Aminopyridinium TCNQ- 
We have restricted our model to one particle states but if 
the exciton density is large the average excitons are not far apart 
from each other and they can interact. If the two electron hole pairs 
form a bound state (at high exciton density) in a chain of TCNQ dimers, 
the problem is analogous to hydrogen molecule. A bound state of two 
17 
electrons and two holes is therefore called an excitonic molecule. 
In semiconductors these pseudo-molecules have been observed18,19 
In a finite TCNQ chain of dimers there will be some interaction between 
the dieters in which two dimers are excited to a triplet state, having 
energies lower than the energy of two independent triplet excitons. 
If there is interaction between excitons a number of bound bi-exciton 
states may separate from the main band of pairc4states18. In 
4-Aminopyridinium TCNQ the interaction between triplet excitons is 
attractive at short separations, and consequentlyýexcitonic molecule 
states may be stable against dissociation into triplet excitons. 
We have concluded that the additional fine structure in the ESR 
spectrum of 4-Aminopyridinium TCNQ is due to extended trapping over 
several molecular formula units i. e. (TCNQ2 )n. 
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111.2.5 Intermediate and Good Conducting Salts 
We have conducted ESR measurements on a number of intermediate 
and good conducting salts. The salts both simple and complex show a 
single absorption line in their powder spectra. Spectral splittings 
are observed in single crystal measurements. A few representative 
spectra are shown in Figure B. The shape of the ESR signals of these 
salts exhibits an interesting rotational anisotropy. It is found that 
these spectral splittings are field dependent which rules out the 
possibility of zero-field splittings. It is known that the splitting 
of the ESR spectra is due to the anisotropy of the g-factors of non- 
20 
equivalent ion-radical chains of TCNQ . The existence of splitting 
of the ESR spectra gives evidence that there is no exchange interaction 
between non-equivalent chains. The TCNQ chain is composed of pairs 
of TCNQ molecules with strong overlapping. This overlapping leads 
presumably to a delocalization of the spin density on pairs of TCNQ 
molecules. This suggestion agrees with the line-width analysis as the 
absorption line is very narrow (. 3 to 2.5 G) with lorentzian line 
shape. Simple salts follow 
single-triplet 
model for paramagnetism in 
1l which the ESR intensity is proportional to T-[exp(J/kT)+3]-. The 
singlet triplet separation energy calculated from the formula J=1.61 K Tm21 
(where Tm is the temperature at which the I is maximum) found to be in 
good agreement with the values derived from In IT Vs T-1 e. g. Pyridinium- 
TCNQ has J= . 02 eV derived from In IT Vs T-1 and . 025 eV 
from the 
formula. In the temperature range for which J» KT the slope of the 
plot In IT Vs T-1 give the singlet-triplet separation energy, J. The 
values derived from the plot In IT Vs T-l (Figure 9) are tabulated in 
-11 
Table 2 with calculated values based on the above-mentioned formula. 
ýy 
" 
_25K 
2G 
(a) 
F9-(O K 
2G 
(d) 
-Vi 
`--- 290 K 
5G 
" 
(ei 
290 K 
25 K 
290 K 
---ý 5G 
iG 
(g) (h) 
(Fig. 8) E. S. R. -Spectra of single crystals (threads, platelets, needle-like 
crystals) of different pyridinium-TCNQ (simple and complex) salts at Q band 
frequency. 
(a) (e) Pyridinium-(TCNQ) 2 
(b) (f) 1,4-Dimethyl pyridinium-(TCNQ) 
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1,4-Dimethyl pyridinium-(TCNQ)2 
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(Fig. 9) A plot of the product of molar intensity and absolute temperature 
(IT) as a function of reciprocal of absolute temperature (T- of different 
pyridinium salts. 
(a) Simple salts (b) Complex salts 
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Table 2 
J eV 
Pyridinium+ (TCNQ) 2 
(Pyridinium)2 (TCNQ) 2 
4-Methyl (Pyridinium) (TCNQ) 
(1-Methyl Pyridinium) (TCNQ) 
(1-Methyl Pyridinium) (TCNQ) 2 
(1,2-Methyl Pyridinium) (TCNQ) 
. 03 eV (290-165 K) . 01 eV (165-70 K) 
0.02 eV (290-140 K) . 01 eV (140-SO K) 
. 03 eV (290-155 K) . 01 eV (155-76 K) 
. 03 eV (290-190 K) . 01 eV (190-75 K) 
. 01 eV (290-100 K) 
. 02 (290-140 K) 
(1,2-Methyl Pyridinium) (TCNQ) 2 
(1,3-Methyl Pyridinium) (TCNQ) 
(1,3-Methyl Pyridinium) (TCNQ) 2 
(1,4-Methyl Pyridinium) (TCNQ) 
(1,4-Methyl Pyridinium+) (TCNQ) 2 
(1,2,4,6-Methyl Pyridinium) (TCNQ) 2 
. 01 eV 
. 01 eV (140-68 K) 
0.05 eV (290-22 K) . 01 eV (222-85 K) 
. 01 eV 
. 03 eV (290-165 K) . 01 eV (165-68 K) 
. 01 eV 
. 01 eV 
In the low temperature region (below 200 K) the triplet contribution to 
paramagnetism is small and the intensity of the paramagnetism begins to 
level off and follows smaller exponential dependence (J = . 005 eV) as 
is clear from the plot In IT Vs T 
1. Qualitatively such behaviour is 
observed in all organic free-radical crystals at sufficiently low 
temperatures, and usually a ;. tributed to paramagnetic impurities. The 
22 
isolated doublet impurities have vanishing activation energies. In 
one-dimensional systems crystal imperfection can lead to finite chains, 
and vanishing activation energy. Chains with odd number of radicals 
will dominate the low temperature activation energy. 
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CHAPTER IV 
SPIN SUSCEPTIBILITIES OF TCNQSALTS 
A paramagnetic sample placed in a static magnetic field 11 o, 
possesses a resultant magnetic moment Mo. 
Mo = Xo Ho (1) 
Where X0 is the static magnetic susceptibility. For almost free spins 
the static magnetic susceptibility X0 is given by the expression: 
_ 
NNg2$2(S+1)S 
xo 3KT 
(2) 
Where N is the number of free spins in the sample, g is the Lande 
splitting factor, ß is the Bohr magneton, S is the total spin angular 
momentum in units of ii, K is the Boltzmann 
constant and T the absolute temperature. 
The static magnetic susceptibility X0 is composed of two terms, 
Xp and Xd. Xp is the spin contribution arising from the polarization 
of the free spins and Xd is the diamagnetic contribution arising from 
the orbital motion of the free spins. 
There exists a close relation between the electrical and magnetic 
properties of TC; ýQ saltsl which is clear evidence that both these 
properties are determined by the same group of electrons. It may be 
hoped, therefore, that the study of the magnetic properties of these 
salts especially at low temperatures will make it possible to obtain 
information on the state of their electronic system. Conventional 
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methods of susceptibility measurements (e. g. via Gouy's balance) 
determine total magnetic susceptibility Xo which is the sum of various 
contributions of xp and Xd. To isolate the spin paramagnetism contri- 
bution to X0 requires electron spin resonance measurements. Since 
the electron spin resonance absorption arises solely from spin magnetism, 
the presence of spin magnetisation determines the strength of the 
no ^9 
resonance enabling us to measure Xp2. The basic equation of Xp to the 
resonance absorption is: 
XP= 2y 
fa X" d 11 i3) 
00 
Where y is the electron gyromagnetic ratio ilmP' w is the angular 
frequency of the linearly polarized alternating magnetic field and x" 
is the loss, or imaginary part, of the complex magnetic susceptibility2. 
We note that this relation applies to our experimental situation of 
fixed frequency and variable static field Ho. 
Spin resonance arises from transitions of the electron spin 
among the Zeeman levels produced by a static field Ho In practice 
resonance is plotted at fixed frequency and 11 o 
is varied through 
the resonance condition. Our experiment involves the measurements of 
the total area under the curve of absorption, versus magnetic field. 
This area is simply related to spin susceptibility. 
Xp = ye A (4) 
The measurement of area is carried out by taking the product of the 
signal height and square of the peak to peak line-width, and then 
comparing it with the product of a sample of known susceptibility. 
This technique is invaluable since it is possible to study very small 
samples i. e. single crystals whereas direct static susceptibility 
measurements can only be performed on polycrystalline samples. 
Gi 
IV. l Experimental Evaluation of Spin Susceptibilities 
Polycrystalline and single crystals of a number of TCNQ salts 
were studied. They exhibit a single electron spin resonance absorption 
line down to 15 K, and the line-width varies from .3 to .5G. From ESR 
signal intensities absolute spin susceptibilities were determined. 
These measurements were performed with a Varian V4500-10A EPR X-band 
Spectrometer with 100 KC field modulation. To calculate Xp the 
relative intensities of the ESR signals were obtained from the product 
of the height and square of the peak to peak line-width of the derivation 
of the absorption line. This procedure is justified if the absorption 
line has a Gaussian or Lorentzian line shape. The line shape of these 
triplet lines is very near to Lorentzian in all cases. The line shape 
of the doublet signal deviates only slightly from the Lorentzian line 
shape. Absolute intensities were obtained by normalizing the intensities 
with reference to the DPPH sample under the same experimental conditions. 
IaXx number of moles 
Isample a Xsample x number of moles 
Iax wt of the sample 
s Xs mol wt 
IX wt of the sample DPPH a XDPPH mol wt 
Xs Is 
=I 
rwt X` of 
DPPH mol wt of sample 
f e XDPPII DPPH wt 'PPH of sampl mol wt o 
X = 
I 
sX X wt of 
DPPH mol wt of sample 
f DPPH l f l 
3 X '- s DPPI! mo wt o samp e wt o I DPPH 
_C= 
Ng2a2 S (S+1) 
XDPPH T 3KT 
N22 
XDPPH 
3KT 
X4 
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10-1 
XDPPH = 
3.75 xT emu 
DPPH 
XRT = 1.31 x 10-3 emu 
I 
S. I units 
_ 
6.022 x 1026 x (. 92731)2 x (10-23)2 x3x4 XDPPH 
3x1.38 x 10-23 xT 
6.022 x 0.92731)2 x 103 XDPPH - 1.38 
3.75 
x 103 S. I units 
(1 emu = 10+4 SI) 
n 
The temperature dependence measurements were performed with 
variable temperature equipment - "DISPLEX" supplied by 
Air Products and Chemicals Inc., U. S. A. Care was taken with the 
microwave power so as to prevent any saturation effects of the ESR 
signals which is important, particularly at low temperatures. 
The room temperature experimental values of spin susceptibilities 
of simple and complex salts are listed in Table 1 and 2 respectively. 
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TABLE 1 
Salt 
(Pyridinium+) (TCNQ)- 
(4-Amino Pyridinium+) (TCNQ)- 
(1-Methyl Pyridinium+) (TCNQ) 
(1,2-Dimethyl Pyridinium+) (TCNQ)- 
(1,3-Dimethyl Pyridinium+) (TCNQ)- 
(1,4-Dimethyl Pyridinium+) (TCNQ)- 
(4-Methyl Pyridinium+) (TCNQ) 
TABLE 2 
Salt 
Spin Susceptibility (emu) (RT) 
1x 10-6 
1.5 x 10-6 
1.5 x 10'4 
5x 10-4 
5x 10-5 
2x 10-5 
1x 10 '4 
Spin Sugceptibility' (emu) (RT) 
(Pyridinium+) (TCNQ)2 
(Pyridinium+) (Pyridine) (TCNQ)2 
(1-Methyl Pyridinium+) (TCNQ) 
2 
(1,2-Dimethyl Pyridinium+) (TCNQ) 2 
(1,3-Dimethyl Pyridinium+) (TCNQ)2 
(1,4-Dimethyl Pyridinium+) (TCNQ) 2 
(1,2,4,6-Tetramethyl Pyridinium+) (TCNQ)2 
5.5 x 10-5 
5.6 x 10-4 
2x 10-4 
1.5 x 10-4 
2x 10-4 
5.6 x 10-4 
7.5 x 10-5 
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For Pyridinium-TCNQ and 4-Amino-Pyridinium-TCNQ we have observed 
zero-field splitting of triplet excitons at room temperature and a 
spin doublet signal at g equal to that of free electron g-value. We 
have observed that the intensity of this spin doublet signal is not 
simply curie type in relation to temperature, which one would expect 
if the spin doublet signal had been due to impurities. The activation 
energies for both triplet and spin doublet signals for these two salts 
are: 
Salt ET eV E (eV) 
Pyridinium (TCNQ) . 018 . 65 
4-Amino Pyridinium (TCNQ) . 02 . 68 
IV. 2 Simple Salts 
The spin susceptibilities of all the simple salts studied 
(except two Pyridinium-TCNQ and 4-Methyl-Pyridinium-TCNQ) behave in 
a similar way. The spin susceptibilities decreases with increase in 
temperature in the low temperature region, i. e. between 30 K to 100 K, 
and increases with increase in temperature over 100 K. The energies 
of activation J are in the range of 0.01 eV and 0.02 eV in the low 
and high temper. -ure range respectively. The spin susceptibility of 
Pyridinium-TCNQ decreases with temperature in the low temperature 
legion and continues the same behaviour above 100 K. The susceptibility 
of 4-Methyl Pyridinium-TCNQ increases throughout the temperature region 
of 30 K to 300 K. It also shows some structure at 80 K where the 
susceptibility dscreases for a short range of temperature. The 
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(Fig. 1) Temperature dependence of molar spin susceptibility, showing 
different magnetic phases, of different simple pyridinium-TCNQ salts. 
(1) 1,2-Dimethyl -t)yridinium-(TCNQ) 
(2) 1-Methyl pyridinium-(TCNQ) 
(3) 1,3-Dimcthyl pyridiniuin-(TCNQ) 
(4) 4-Me-: hyl pyridinium- (TCNQ) 
(5) 1,4-Dimethyl pyridinium-(TCNQ) 
(6) Pyridinium-(TCNQ) 
(7) 4-Aminopyridiniun-(TCNQ) 
temperature dependent behaviour of spin susceptibilities of all the 
simple salts is shown in Figure 1. A more detailed analysis of the 
susceptibility behaviour with respect to temperature for individual 
salts is given in the Table 3. 
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TABLE 3- MOLAR SPIN SUSCEPTIBILITY 
Salt 
(Pyridinium+)(TCNQ ) 
(4-Amino Pyridiniwn+) 
(TCNQ) 
(1-Methyl Pyridiniwn+) 
(TCNQ ) 
(1,2-Dimethyl 
Pyridinium+)(TCNQ ) 
(1,3-Dimethyl 
Pyridinium+)(TCNQ ) 
(1,4-Dimethyl 
Pyridinium)+ (TCNQ) 
(4-Methyl Pyridinium+) 
(TCNQ ) 
Temperature Range 
30 K to 100 K 100 K to 300 K 
Decreases from 
9x10-6 emu to 4x10-6 emu 
J=0.01 eV 
Decreases from 
3x10-6 emu to lxlO-6 emu 
J=0.01 eV 
Decreases from 
2x10-4 emu to 1x10-4 emu 
J=0.01 eV 
Decreases from 
7x10-4 emu to 3x10-4 emu 
J=0.01 eV 
Decreases from 
6x10-5 emu to 3x10-5 emu 
J=0.01 eV 
Decreases from 
2. Sx10-5 emu to 1x10-5 emu 
J=0.01 eV 
Increases from 
3x10-S emu to 6x10-5 emu 
at 80 K decreases to 
5x10-5 emu 
J=0.01 eV 
Decreases from 
4x10-6 emu to 1x10-6 emu 
J=0.02 eV 
Increases from 
1x10-6 emu to 2x10'6 emu 
J=0.01 eV 
Increases from 
1x10-4 emu to 2x10-4 emu 
J=0.03 eV 
Increases from 
3x10-4 emu to 5x10-4 emu 
J=0.02 eV 
Increases from 
3x10-5 emu to 4x10-5 emu 
J=0.05 eV 
Increases from 
1x10-5 emu to 2.5x10-5 emt 
J=0.03 
Increases from 
5x10-5 emu to 9x10-5 emu 
J=0.03 eV 
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IV. 3 Complex Salts 
All the complex salts behave in a similar way in the temperature 
range 30 K to 300 K except two, (Pyridinium)+(TCNQ)2 and (Pyridine) 
(Pyridinium+)(TCNQ)2. The spin susceptibilities decreases with the 
increase in temperature throughout this temperature range. As far as 
(Pyridinium+)(TCNQ)2 and (Pyridine)(Pyridinium)+(TCNQ)Z are concerned, 
the susceptibilities increases with temperature in the higher temperature 
region (i. e. 100 K to 300 K). The susceptibility increases with the 
increase in temperature in the low temperature region for the latter 
compound. The temperature dependent susceptibilities for all these 
complex salts are shown in Figure 2. A more detailed analysis of the 
variation of susceptibilities with temperature is given in Table 4. 
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TABLE 4- 140LAR SPIN SUSCEPTIBILITY 
Salt 
(Pyridinium+) (TCNQ) 2 
(Pyridine)(Pyridinium+) 
(TCNQ) 2 
(1-Methyl Pyridinium+) 
(TCNQ) 2 
(1,2-Dimethyl 
Pyxidinium+)(TCNQ) 2 
(1,3-Dimethyl 
Pyridinium) + (TCNQ) 2 
(1,4-Dimethyl 
Pyridinium) + (TCNQ) 2 
(1,2,4,6-Tetramethyl 
Pyridinium+)(TCNQ)2 
Temperature Range 
30 K to 100 K 100 K to 300 K 
Decreases from 
3x10-5 emu to 2.5x10-5 emu 
J=0.01 
Increases from 
3x10-4 emu to 4x10-4 emu 
J=0.01 eV 
Decreases from 
8.5x10-4 to 5.5x10-4 emu 
J=0.01 eV 
Decreases from 
Sx10-4 emu to 2.5x10-4 emu 
J=0.01 eV 
Decreases from 
Sx10-4 emu to 3x10-4 emu 
J=0.01 eV 
Decreases from 
1.5x10-3 emu to 8x10-4 emu 
J=0.01 
Increases from 
2.5x10-5 emu to 5x10-Semu 
J=0.03 eV 
Increases from 
4x10-4 emu to 5.6x10-4emu 
J=0.02 eV 
Decreases from 
5.5x10-4 emu to 2x10-4 emu 
J=0.03 eV 
Decreases from 
2.5x10-4 emu to 2x10-4emu 
J=0.03 eV 
Constant 
Decreases from 
8x10-4 emu to 5.5x10-4emu 
J=0.01 
Decreases from 
2.5x10-4 emu to 1.5x10-4 emu 
J=0.01 eV 
Decreases from 
1.5x10-4 emu to 7x10-5 emu 
4 
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(Fig. 2) Temperature dependence of molar spin susceptibility, showing 
different magnetic phases, of different complex pyridinium-TCNQ salts. 
(1) 1,4-Dimethylpyridinium-(TCNQ)2 
(2) 1-Methylpyridinium-(TCNQ)2 
(3) 1,3-Dimethylpyridinium-(TCNQ)2 
(4) 1,2-Dimethylpyridinium-(TCNQ)2 
(5) (Pyridine)(Pyridinium)-(TCNQ)2 
(6) 1,2,4,6-Tetramethylpyridinium-(TCNQ)2 
t(7) Pyridinium- (TCNQ) 2 
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Crystal structure analysis3 of TCNQ salts show the presence of units 
of two or four molecules with structural overlapping within a unit, 
and small overlap between the molecules of the adjacent units. Let 
us consider a one dimensional Heisenberg Hamiltonian to explain the 
magnetic properties of such systems. 
(2 JmSmSm+l - 9ßH Sm) (5) 
m 
The crystal structure with overlapping units leads to the alternation 
of the exchange parameter Jm. In general there are two electrons on 
each repeating unit of molecules, we can write 
2m= Jo if m is even, 
2 Jm = YJo if m is odd. 
Here y<1 describes the decrease in the exchange interaction between 
the units as compared to that inside the units. For y=0 the linear 
spin chain is divided into isolated pairs with ground singlet and 
excited triplet states. If 0<y<1, exact solutions of the Hamiltonian 
do not exist for the chains with infinite number of spins. In 
llartree-Fock approximation, Bulaevskin, obtained for susceptibility, 
an expression which is true for 0.033 < KT < 0.25 eV. 
X_N 
2ß 2a (Y) 
exp 
JA 
KT KT 
Where a(y) and A(y) are tabulated functions of alternation parameter. 
For intermediate conducting salts the values of y are very small and 
the experimental results can be well described by the simple equation: 
Xp - exp(J/KT)+3 ' KT 
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Where N is the triplet levels in the sample (both vacant and occupied). 
This equation gives satisfactory results over a large temperature range, 
but it is not satisfactory for the very low temperatures at which the 
susceptibility increases. 
The dipole-dipole interactions between the spins of a bound 
electron pair in Pyridinium-TCNQ and 4-Amino Pyridinium-TCNQ are not 
accounted for by this Hamiltonian. This leads to a zero-field splitting 
in these salts from the Zeeman energy levels corresponding to the 0, +1 
projections of the total spins. It could be said that the electronic 
states are localized in the linear TCNQ chains of the intermediate 
conducting salts. 
IV. 4 Low Temperature Magnetic Phases 
It is possible to obtain the increase in susceptibility at low 
temperatures, either for a regular chain of localized electrons described 
by the Hamiltonian, (5) or for non-interacting electrons in a periodic 
the 
lattice. In first case, as T -> o . the susceptibilityX -*constant 
for 
im = Jo5, and x -> o for periodic alternation of the interaction6. In 
the second case, X is finite as T -; o. It is concluded that in both 
models the low temperature increase in susceptibility can arise as a 
result of irregularity of the lattice. 
Let us consider that the parameters Jm are random quantities. If 
these random quantities can take arbitrary small values this can explain 
the low temperature increase in susceptibility. This means in a random 
way, interaction between certain spins is absent i. e. Jm for different m 
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are uncorrelated. Jm =o with probability c and im >o with probability 
2-c. Then the whole system of spins can be divided into non-interacting 
systems, among which are sub-systems with an odd number of spins. Such 
sub-systems at low temperatures are equivalent to a set of a certain 
number of non-interacting half-integer spins and their susceptibility 
for T}o is described by a Curie Law: 
0 
x 2T ' 
i. e., NS =2 
Is 
The magnetic susceptibility of good conducting saltsvirtually 
independent of temperature, in contrast to the Curie Law behaviour 
(x a characteristic of most paramagnetic organic solids, and may be 
which as Pauli-spin paramagnetism ch is appropriate for a 
degenerate electron gas and which is operative in normal metals and 
semi-metals. Electron spin resonance produces evidence in further 
support of the Pauli mechanism. 
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CHAPTER V 
ELECTRICAL CONDUCTION OF TCNQ SALTS 
Most organic compounds are insulators. Cowductivities of these 
compounds are thermally activated, which is a characteristic of semicon- 
ductors. Charge transfer salts based on the TCNQ molecular anion have 
resistivities ranging from 1011 Qm to 10*4 n m. The presence of 
linear chains (columns) of TCNQ molecules with intermolecular spacings 
within the columns shorter than the usual Van der Waals distance gives 
rise to noticeable overlapping of the molecular orbitals and to electrical 
conductivity in the direction of the chain. The composition of the 
salts does not directly determine their electrical conductivity. There 
are both simple and complex salts with low and high conductivity. 
Moreover some salts have been discovered to exist in different crystalline 
modifications e. g. NMP-TCNQ1 (N-methyl phenazinium TCNQ) which sharply 
differ in their electrical conductivities. It is found that the actual 
cause of the difference, are structural ones2. The node of molecular 
packing within a linear chain is different for different classi3of 
salts and this gives rise to difference in their electrical properties3. 
The structure of a good conducting NMP-TCNQ salt is typical for all 
good conducting salts. 
F, 9ß 
Fig(2) 
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All the TCNQ molecules within the column are equivalent. The inter- 
0 
planar spacings being 3.24 A and the mode of overlapping (Figure 2) 
ensures maximum overlapping of the wave-functions of the adjacent 
molecules at minimum Van der Waals repulsions. Another example is the 
complex salt Quinolinium (TCNQ) 2 (Q(TCNQ)2). It is a very good conducting 
salt. The arrangement of the TCNQ molecules is periodically repeated 
(Figure 3). Although one neutral TCNQ molecule and one TCNQ anion 
I + 
Fig (3) 
1 
radical are formally contained in the salt, all the molecules in a 
column are equivalent. The interplanar spacing being 3.22 
Ä. The 
mode of molecular packing again ensures maximum overlapping of the wa'ie- 
functions of adjacent molecules at minimum Van der Waals repulsion. 
Let us consider an intermediate conductivity salt, 
Triethylammonium (TCNQ) 2 (Et3NH(TCNQ)2). The arrangement of the 
TCNQ molecules in the crystal lattice is shown in Figure 4. 
/+ / 
/ Fig (4) 
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In this case the molecules forming the columns are not equivalent. 
They differ in the mode of overlap as well as in interplanar spacings. 
0 The interplanar distances between 1,2 and 3,4 is 3.24 A, between 2,3 
0p 
is 3.32 A and between 1,4 is 3.3 A. The overlapping inside the 
pairs 1,2 and 3,4 are the same, but different in 2,3 and 1,4 pairs. 
(Figure 5). 
Overlap between 2: 3 
TCNQ pair 
4 
A study of the molecular geometry of different types of TCNQ indicates 
that the negative charge seems to have some tendency to preferential 
localization at the molecules 2,3. Thus the column is divided into 
tetrads of the molecules, each carrying a pair of electrons. Such 
divisions of the linear chains into repeating units of two, three or 
four TCNQ molecules seem to be a general feature of the crystalline 
7 
structures of the intermediate conductivity salts e. g. 43 Me P (TCNQ)2. 
V. 1 Anisotropy of the Electrical Conductivity 
The characteristic feature of crystal structure of TCNQ salts is 
the presence of linear chains of TCNQ molecules - practically isolated 
from each other8. A crystal may consist of linear conducting chains 
regularly spaced within a non-conducting matrix. This physical one- 
dimensionality of the salts manifests itself in a strong anisotropy 
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of the conductivity as is seen in the following data: 
43 Me P (TCNQ)29 
Et3NII (TCNQ) 210 
2x 10- 2n -1 cm-1 
1x10-3Q1 cm- 
1 
7x10-6n- 1 cm- 
1 
4 Sä-1 cm 
1 
4x10-2SZ1 cm -1 
3x 10- 2 Sä-1 cm 
1 
along three crystal 
axes 
along three crystal 
axes 
This data gives only the lower limits of the actual conductivity 
anisotropy, because in measuring the conductivity along the poor 
directions, there is a contribution from the good directions also. 
V. 2 Experimental Evaluation of Electrical Conductivities 
For materials with one single type of charge carrier, the conductivity 
Q is given by, 
c1 =Neu (1) 
Where N is the density of charge carriers, e the electronic charge and "i 
the mobility. The measurements of a(T) provide information about the 
product N(T) p(T), but in general do not allow one to determine these 
quantities separately. The number of charge carriers can be compared 
with the number of unpaired spins calculated from the ESR measurements. 
Semiconductivity, in the sense of conductivity with a positive 
temperature coefficient, occurs in organic charge transfer salts. The 
temperature dependence of conductivity is found to obey an exponential law: 
Cr = Qo exp(-E/kT) (2) 
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Where a is the conductivity measured, E the activation energy for 
conduction, a0 a pre-exponential factor, k- Boltzmann constant, and 
T the absolute temperature. In recent years it has been found that high 
electronic conductivities can occur in solid organic or semi-organic 
systems. These systems are solid donor and acceptor compounds. A 
ll 
great majority of TCNQ anion radical salts are semiconductors, but 
several of TCNQ salts appear to be semi-metals (e. g. N-Methylphenazinium- 
TCNQ) rather than semiconductors. Single crystals of these salts 
exhibit conductivities of the order of 102 SZ-1 cm-1 that areAinsensitive 
to temperature 
3,10,12 
Experimental Measurements 
These salts were obtained in the form of platelets, needle-like 
crystals and as polycrystalline materials. The standard method of 
measuring the electrical conductivities of the solids, involves, the 
compacting of the powder. Crystalline and polycrystalline materials 
were powdered and then compacted. The process was carried out in a 
hydraulic press, the powder being contained in a suitable die in vacuo 
without the application of heat. The pressure used was 3x 103 Kg/Cm3. 
It has been observed that excessive pressure can cause irreversible 
transformations in highly anisotropic TCNQ salts13. Electrical contacts 
with the compacted samples were made with colloidal graphite 95% 
graphite powder in silicon grease or with a thin sheet of Indium metal. 
Colloidal graphite was used as a thin layer coated on the Platinum 
the 
electrodes in a conductivity cell and then compacted sample placed in 
between the electrodes and screwed tight in the conductivity cell. 
Indium metal was used as a thin sheet of the same diameter as that of the 
compacted sample, and screwed tight in the conductivity cell. 
8U 
13-t AäS 
ÄG 
CKbý'eek 
Te$tor 
The conductivity cell was earthed to the cold finger by screwing it to 
the top of the cold finger tip for temperature dependent conductivity 
measurements. The electrical conductivity was measured between 30 to 
300 K. Both Indium metal and colloidal graphite electrical contacts 
gave satisfactory results within the experimental error limits. 
Satisfactory results were obtained from different samples measured at 
different times and samples prepared in different batches and sometimes 
different routes. 
Experimental Results 
We have conducted electrical conductivity measurements on a 
number of TCNQ compact powder salts in the temperature range of 30 to 
300 K. A. C. electrical conductivity measurements were made with 
Wayne-Kerr conductivity bridge working at 1500 IIz under high vacuum. 
D. C. conductivity measurements were made at 300 K only, under high 
vacuum. Electrical conductivity results, both A. C. and D. C. at 300 K 
and low temperature A. C., with activation energies for conduction in 
the different regions of temperature are: 
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The numerical values given for the electrical conductivity and the 
activation energy for conduction, represent average values. 
(Measurements of highly anisotropic complex yield a conductivity of 
3x 10-3 n-1 Cm 1 while the conductivity in the most favourable 
direction in single crystal is 41 Cm-1 
14), The present conductivity 
values are in the range of 10-3 to 10-10 c1 Cm-1 and 10-Z to 10-7 
1 CmI 
for simple and complex salts respectively with a positive temperature 
coefficient. This shows that all these salts behave like semiconductors 
in the wide range (10-2 to 10-10 n-1 Cm-1) of electrical conductivity. 
The activation energies for electrical conduction were calculated from 
the plots of the logarithm of the specific conductivity versus reciprocal 
of the absolute temperature on the basis of the equation: 
a=a exp(-E/KT) 
Plots of the logarithm of specific conductivity versus reciprocal of 
absolute temperature for simple and complex salts are shown in Figures 
la, b. The activation energies were calculated for different regions 
of temperature for simple and complex salts and these fall in the range 
of . 36 eV to . 24 eV and . 25 eV to . 03 eV respectively. 
V. 2.1 Simple Salts 
The plots of specific conductivity versus absolute temperature 
for simple salts are shown in Figure 2a. All these plots consist of 
two intersecting lines i. e. two straight lines with a break point. 
The temperature dependence of conductivity is reversible in the 
temperature interval, investigated, when the heating rates are small. 
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i (/{AMINO P +RIDINIUM)(TCNCr) 
2 (PYRI DINIUM) (TCNQ) 
3 (13-DIMETHYL PYRIDINiUNI) (TCNQ) 
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5. (12-DIMETHYL PYRIDINIUM) (TCNQ) 
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The spin density calculated independently from the ESR measurements 
varies a little with temperature, while the electrical conductivity 
increases 105 times with increase in temperature from 30 K to 300 K. 
The variation of spin density with temperature is shown in Figure 3a. 
V. 2.2 (Pyridinium+) (TCNQ ) 
The temperature dependence of conductivity is shown in Figure 2a. 
It shows two straight lines with a break about 200 K. The energies of 
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activation for electrical conduction calculated on the basis of equation 
(2) are . 21 eV for low temperature region and . 
36 eV for the high 
temperature part of the curve. The spin density varies from 3.7 x 1018 
spins/mol to 7.3 x 10 
18 
spins/mole. This shows that there is no significant 
change in the spin density relative to that of the electrical conductivity 
in the te. ^tpcrature range of 30 K to 300 K. The relationship between 
conductivity and spin density is shown in Figure 4a. It shows that the 
electrical conductivity is almost independent of spin density at higher 
temperatures but at low temperatures there is an increase in spin 
density relative to electrical conductivity. 
V. 2.3 (4-Aminopyridinium+) (TCNQ ) 
The temperature dependent electrical conductivity behaviour of 
(4 -Amin opyri din ium+) (TCNQ-) is very similar to that of the Pyridinium 
TCNQ salt; Figure 2a. Its plot consists of two straight lines with a 
break about 220 K. The energy of activation for electrical conduction 
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(Fig. 2a) Temperature dependence of specific electrical conductivity, showing 
different electrical phases, of different simple pyridinium-TCNQ salts. 
(1) 1,4-Dimethylpyridinium-(TCNQ) 
(2) 1,2-Dimethylpyridinium-(TCNQ) 
(3) 1-Methylpyridinium-(TCNQ) 
(4) 1,3-Dimethylpyridinium-(TCNQ) 
(5) Pyridinium-(TCNQ) 
(6) 4-Aminopyridinium-(TCNQ) 
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calculated on the basis of equation (2) are . 28 eV and . 13 eV for 
the high and low temperature regions respectively. The spin density 
varies from 1.3 x 1018 spins/mole to 7.4 x 1018 spins/mole. The 
conductivity increases with increase in spin density at low temperature 
but is almost independent at higher temperatures. The spin density 
relationship to conductivity is shown in Figure 4a. 
(I-Methylpyridinium+) (TCNQ ), (1,2-Dimethylpyridinium+) (TCNQ ), 
(1,3-Dimeth lpyridinium+) (TCNQ ), (1,4-Dimethylpyridinium+) TCN 
All these salts behave in the same way. The temperature dependent 
electrical conductivity plots, show two straight lines with a break in 
the region of 190 - 200 K. Figure 2a. The energies of activation for 
electrical conduction calculated on the basis of equation (2) vary in 
the range from .1 eV to . 36 eV for low and high temperature regions 
(see Table ). The spin density variation with temperature is shown 
in Figure 3a. The numerical values vary up to ten-fold, e. g. 
1-Methylpyridinium - the spin density varies from 4.9 x 1020 to 
4.5 x 1021 spins/mole. The relationship between spin density and 
conductivity is shown in Figure 4a. 
V. 2.4 Complex Salts 
The electrical conductivity behaviour of complex salts is 
similar to simple salts in the higher temperature region (100 - 300 K) 
but*they show a different behaviour below 100 K. At low temperatures 
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(Fig. 2b) Temperature dependence of specific electrical conductivity, showing 
different electrical phases, of different complex pyridinium-TCNQ salts. 
(1) (Pyridine)(Pyridinium)-(TCNQ)2 
(2) (Pyridinium)-(TCNQ)2 
(3) 1,3-Dimethylpyridinium-(TCNQ) 2 
(4) 1,4-Dimethylpyridinium-(TCNQ)2 
(5) 1,2-Dimethylpyridinium-(TCNQ)2 
(6) 1-Methylpyridinium-(TCNQ)2 
(7) 1,2,4,6-Tetramethylpyridinium-(TCNQ)2 
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(Fig. 3a) A plot of molar spin density as a function of absolute temperature, 
of different simple pyridinium-TCNQ salts. 
(1) 1-Methylpyridinium-(TCNQ) 
(2) 4-Methylpyridinium-(TCNQ) 
(3) 1,2-Dimethylpyridinium-(TCNQ) 
(4) 1,3-Dimethylpyridinium-(TCNQ) 
(5) 1,4-Dimethylpyridinium-(TCNQ) 
(6) Pyridinium-(TCNQ) 
(7) 4-Aminopyridinium-(TCNQ) 
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(20 K to 30 K) the electrical conductivity is constant and then 
decreases with temperature until it reaches a minimum value, and then 
increases with temperature like a conventional semiconductor, Figure 2b. 
The plot of the specific conductivity versus temperature could be 
divided into two parts, the one at very low temperature where the 
conductivity decreases with increase in temperature i. e. the region 
of negative. temperature coefficients. The second, at higher temperature 
region (i. e. between 100 K to 300 K) where it conforms to semiconducti"g 
behaviour with a positive temperature coefficient. The semiconductor 
region consists of two straight lines with a break. This break point 
is in the region of 200 K. The spin densit+tscalculated from the ESR 
measurements are found to be increasing a little at low temperatures 
and almost constant at higher temperatures, except for (Pyridinium+) 
(TCNQ)2, (Pyridine) (Pyridinium+) (TCNQ) 2 and 
(1,3-Dimothylpyri. dinium+) 
(TCNQ)2. The energies of activation for electrical conduction were 
calculated from a plot of logarithm of specific conductivity versus 
inverse of temperature, Figure lb, on the basis of equation (2). 
These fall in the region of .1 eV to .2 eV. 
V. 2.5 (Pyridinium+) (TCNQ) 2 and (Pyridine) (Pyridinium+) (TCNQ) 
Electrical conductivity of these two compounds is constant 
below 30 K and decreases with temperature until it reached a minimum 
value at 110 K. It starts increasing with temperature like a conven- 
tional semiconductor until 300 K. The relationship of conductivity 
to temperature is linear for (Pyridinium+) (TCNQ)2, but there is a 
break for the (Pyridine) (Pyridinium+) (TCNQ)2 at 200 K. The spin 
density increases with temperature at low temperatures while above 100 K 
it is almost constant (Figure 3b). The relationship between spin density 
and electrical conductivity is shown in Figure 4b. 
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(Fig. 3b) A plot of molar spin density as a function of absolute temperature, 
of different complex pyridinium-TCNQ salts. 
(1) 1-Methylpyridinium-(TCNQ)1 
(2) 1,4-Dimethylpyridinium-(TCNQ)2 
(3) 1,2-Dimethylpyridinium-(TcNQ)2 
(4) 1,3-Dime thylpyridinium-(TCNQ)2 
(S) 1,2,4,6-Tetramethylpyridinium-(TCNQ)2 
(6) (Pyridine) (Pyridinium)-(TCNQ)2 
(7) Pyridinium (T0NQ)2 
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(Fig. 4a) A plot of specific electrical conductivity as a function of spin 
density, of different simple pyridinium-TCNQ salts. 
(1) Pyridinium-(TCNQ) 
(2) 4-Aminopyridinium-(TCNQ) 
(3) 1,4-Dimethylpyridinium-(TCNQ) 
(4) 1,3-Dimethylpyridinium-(TCNQ) 
(5) 1,2-Dimethylpyridinium-(TCNQ) 
(6) 1-Methylpyridinium-(TCNQ) 
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(Fig. 4b) A plot of specific electrical conductivity as a function of spin 
density, of different complex pyridinium-TCNQ salts. 
(1) Pyridinium-(TCNQ)2 
(2) 1,2,4,6-Tetramethylpyridinium-(TCNQ)2 
(3) 1,3-Dimethylpyridinium-(TCNQ)2 
(4) 1,2-Dimethylpyridinium-(TCNQ) 2 
(5) 1,4-Dimethylpyridinium-(TCNQ)2 
(6) 1-Methylpyridinium-(TCNQ) 
(7) (Pyridine)(Pyridinium)-(TCNQ) 2 
r 
.i a) 
V. 2.6 (1,3-Dimethy1pyridinium+) (TCNQ)2 
The electrical conductivity has a constant value below 40 K 
and then decreases with temperature until it reached the minimum value 
at 110 K and then increases with temperature. 
There is a slight variation in the spin density throughout the 
temperature range. The relationship between conductivity and spin 
density is shown in Figure 4b. 
V. 2.7 (1,2-Dimethylpyridinium+) (TCNQ), (1,4-Dimethylpyridinium*) (TCNQ) 
and (1,2,4,6-Tetramethylpyridinium+) 'TCNQ)2 
All these salts behave in a similar way. The conductivities , 
are temperature independent below 30 K to 40 K and then decreases with 
temperature until they reach a minimum, and then increase with temperature 
like conventional semiconductors. The semiconducting region (i. e. between 
110 K to 300 K) consists of two straight lines with a break point around 
200 K. The spin densities are almost constant about'40 K. Below 40 K 
spin densities do increase with temperature. The relationship between 
spin densities and electrical conductivities are shown in Figure 4b. 
The observed temperature dependence of electrical conductivity 
shows unambiguously that we are dealing with semiconducting materials. 
Now the question is which factor principally determines the change of 
electrical conductivity with temperature? Is it due to the change in 
carrier density or to a change in mobility? In the former case we can 
use band concepts to explain the electrical conductivity variation with 
temperature. In the latter case the motion of the carriers at any 
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particular stage must include, of necessity, a thermally activated jump. 
It turned out in our case that the variation of the conductivity with 
temperature cannot be attributed to a change in carrier density. It is 
clear from the Figures 3a, b that the variation of spin density with 
temperature is not very significant. The plot between specific electrical 
conductivity and spin density, Figures 4a, b, shows that the increase 
in the electrical conductivity is not dependent on tho increase in 
the spin density with temperature. Numerically the change in spin 
density and the electrical conductivity for the same region of temperature, 
quantitatively prove that the electrical conductivity is independent of 
spin density. In band theory the mobility cannot have as strong a 
temperature dependence as would be required to explain the observed 
variation of the conductivity 
15, 
and therefore it is necessary to assume 
that the mobility is limited by potential barriers produced by defects 
and distortions in the linear conducting chain of TCNQ molecules. 
The main assumption in this case as before, is that the magnetic 
susceptibility of the complexes is due to the same rlectrons, which 
determine also, their electric properties. An adequate method of 
explaining the observed electric and magnetic properties of the well 
conducting complexes of TCNQ using band concepts is to assume that the 
linear chain of the TCNQ molecules consists of sections having more or 
less good conducting, separated by more or less appreciable potential 
barriers. Simple estimates show, however, that in this case the defect 
concentration (C) must be reasonably high in order to explain the 
observed value of conductivity. In fact, if we neglect the effect of 
tunnelling and above barrier reflection, then the conductivity of a 
single barrier in öne-dimensional chain can be estimated by means of 
the formula: 
I- 
a1 =n e2 d/ir (1 + e-E/KT 
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Where n is the number of filaments per unit area, d the linear 
dimension of the barrier, E its height above the chemical potential 
level. The measured conductivity is: 
v= Q1/c 
and if we assume dz3x 10-8 Cm (the distance between the TCNQ 
15 
molecules in the chain)c is about 10% 
Analysis of the lattice structure of TCNQ salts shows a clear 
correlation between the electrical conductivity and their crystal 
structure. Most of the TCNQ salts consist of infinite stacks of TCNQ 
moleculesl2'l6. All the good conducting salts form. two dimensional 
structures. The distance between the planes of the TCNQ molecules is 
almost uniform along the TCNQ stack. This distance is usually shortened 
relative to Van der Waals distance. Therefore, the overlap integral of 
unpaired electron molecular orbitals is regarded as large, probably 
related to its high electrical conductivity. Such structures are 
obtained for good conducting salts e. g. NMP-TCNQ17, Quinolinium+ (TCNQ) 25 
etc. So it is believed that (Pyridine) (Pyridinium+) (TCNQ)Z, (Pyridinium 
(TCNQ)2 and other good conducting salts have similar structure as that 
of Quinolinium (TCNQ)2. The complex salts with intermediate electrical 
conductivity are believed to have distorted structures in which the 
distance between the molecular planes is not entirely uniform along the 
are 
entire stack; and there two ways for the overlap of neighbouring 
molecules (e. g. TMA-(TCNQ) 2 
18) 
which differ from optimal overlap. Thus 
the conductivities of such salts are lower than the conductivities of 
the above-mentioned salts. In simple salts there are infinite TCNQ 
stacks but the molecular spacing are regarded as being large - 3.4 - 3.5 A. 
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This gives rise to a relatively small overlap integral between the 
nearest neighbour TCNQ molecules; and secondly, the TCNQ molecules 
are unfavourably superimposed e. g. 03 CH3 P (TCNQ)2, Morpholinium TCNQ, 
TMPD-TCNQ, in which the infinite TCNQ molecules stack is divided into 
dimers, trimer or tetrads which are significantly separated from each 
other16. These factors will result in low electrical conductivity 
and high activation energy for the 1: 1 salts and some 1: 2 salts. 
99 
CHAPTER V- References 
1. L. B. Coleman, S. K. Khanna, A. F. Garito and A. J. Heeger. 
Phys. Lett. 42A, 15,1972. 
B. Morrsin. Phys. Lett. 53A, 455,1975. 
2. A. F. Garito and A. J. Heeger. Acc. Chem. Res. 7,232,1974. 
3. I. F. Shchegoler. Phys. Stat. Sol. 12A, 9,197 . 
4. C. J. Fritchie Jr. Acta. Cryst. 20,892,1966. 
5. H. Kobayashi, F. Maruro and Y. Saito. Acta. Cryst. B27,373,1971. 
6. H. Kobayashi, Y. Ohashi, F. Maruýö and Y. Saito. Acta. Cryst. 
B26,459,1970. 
7. A. T. McPhail, G. M. Semeniuk and D. B. Chesnut. J. Chem. Soc. A, 13, 
2174,197. 
8. C. K. Prout and B. Kamenar. Molecular Complexes. Ed. R. Foster. 
Elek. Science, London, 1973. 
9. D. Zosel, H. Ritschel and H. Hansel. Phys. Stat. Sol. 32, K75,1969. 
38,183,1970. 
10. W. J. Siemons, P. E. Bierstedt and R. G. Kepler. J. Chem. Phys. 
39,3523,1963. 
11. O. H. Le Blanc Jr. Physics and Chemistry of Organic Solids. Vol. 3. 
Ed. M. M. Labes, D. Fox. 
12. J. J. Andre, A. Bieber and F. Gautier. Ann. Phys. 1,145,1976t. 
13. F. Gutman and L. E. Lyons. Organic Semiconductors. 
14. L. R. Melby, R. J. Harder, W. R. Hertler, W. Mahler, R. E. Benson and 
W. E. Mochel. J. Am. Chem. Soc. 84, 3374,1962. 
15. L. I. Buravov, D. N. Fedutin and I. F. Shchegolev. Sov. Phys. JETP. 
32,312,1971. 
612,1971. 
16. R. P. Shibaeva and L. O. At jmyan. J. Struct. Chem. 13,514,1972. 
17. H. Kobayashi and Y. Saito. Bull. Chem. Soc. Jap. 44,1444,1971. 
18. H. Kobayashi, T. Danno and Y. Saito. Acta. Cryst. B29,2693,1973. 
_ý 
100 
CHAPTER VI 
TRIPLET EXCITATIONS IN THE CRYSTAL FIELD OF A ONE DIMENSIONAL CHARGED 
CONDUCTOR 
In dealing with many electron problems of molecular quantum 
mechanics two approximation methods are used: 
(i) The valence bond method derived from Heitler-London-Pauling and 
Slater' which originated from the chemical point of view of 
electron pair bonds. 
(ii) The molecular orbital method or Hund-Mulliken method2 which is 
an extension of the Bohr theory of electron configurations from 
atoms to molecules. Each electron of Bohr's electron orbital, 
constitute a one electron wave-function or molecular orbital. 
Molecular orbital theories are by nature semi-emperical in that 
one no longer attempts to derive molecular properties directly from 
the principles of quantum mechanics, but rather seeks to interpret 
P 
correlations within experimental data. Complete calculations have been 
made on simple systems using the LCAO-SCF method 
2B. Further use without 
approximations is limited. Considerable progress in a more approximate 
molecular orbital theory has been made for the ir electrons of the ring 
systems, where Roothaan's3 LCAO-SCF equations have been simplified by 
the neglect of differential overlap approximation4'S. This involves 
the neglect of the product of pairs of different atomic orbitals in 
certain electron-interaction integrals. By combining this approximation 
with a semi--emperical approach to the determination of the remaining 
parameters, a theory correlating many physical properties of aromatic 
2B 
molecules has been developed. This kind of treatment is intermediate 
in complexity between complete LCAO-SCF calculations for 7T-electrons and 
very simple BUckel approach which does not handle electron interaction in 
any explicit manner. 
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TCNQ and its salts are of interest to both chemists and physicists 
because they exhibit electrical and magnetic properties not normally 
associated with organic compounds. The magnetic properties are attributed 
to a triplet state lying close to an electrical conduction band. The 
magnetic properties are assigned to the triplet excited state close 
enough to the singlet ground state for triplet population at room 
temperature. It has been suggested by Shields? that these triplet 
excitons are trapped at discrete TCNQ sandwiches. These sandwiches 
comprise of two, three or four TCNQ molecules with intermolecular 
spacing close to Van der Waals distances. It is reasonable that in 
the TCNQ salts, the electrical conductivity in the intrinsic region 
arises from the motion of the odd 71 electrons among the TCNQ sites. 
Le Blanc8 and Shields9 have proposed a model in which the odd electrons 
are localized, and occupy highly ordered positions, so as to minimize 
their mutual coulomb repulsions in non-conducting states, and conducting 
states arise. from the introduction of defects into the ordered ground 
state configuration. According to this model for v. simple salt an 
odd electron is removed from one TCNQ- to give a TCNQ2- and leaving 
(TCNQ°). The electron (TCNQ2-) and the 'hole (TCNQ°) which are 
independently mobile can occupy states in a band with the width A. 
The activation energy for conductivity E is given as: 
2E = C-d 
Where C is an increase in the electxastatic energy by the formation of 
2 (TCNQ°) and (TCNQ-). The crystalline state of these salts may be 
considered to be made out of quasi-molecules of (TCNQ2 )n, and the 
charge transfer band is characteristic of the intra-quasi-molecular 
excitation process in which the electrons are localized in the quasi- 
molecules. If this is possible, charge carriers in the intrinsic 
.f 
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electrical conduction seemý, to be produced by the following reaction 
in which the electronic state represented is separated by a great 
distance in the crystal. 
(TCNQ) n+ (TCNQ) n- 
N-. 
(TCNQ 
f 
n-1) 
+ (TCNQ) (n+ 1) - 
It has been reported that the TCNQ molecules are arranged with repeating 
units of two, three and four molecules10 and that an odd electron is 
localized at -0--- definite TCNQ molecular site. It is expected that 
the charge transfer will occur between the adjacent pair of TCNQ° and 
TCNQ and between TCNQ ions. The activation energy of about 0.3 eV 
below 400 K seemsto be related to the charge transfer band between TCNQ 
ionsll. This influence would mean that the discontinuity of activation 
energy in different regions of temperature, is due to the existence of 
different conducting states, rather than the existence of an extrinsic 
electrical conduction arising from impurities or defects. An analogous 
mechanism may be considered also for the complex salts. For example 
for complex salts, defects corresponding to the creation of an electron 
hole pair can be introduced into the Heitler-London ground state 
configuration without putting two electrons on the same TCNQ site9. In 
this case odd electrons can be shuffled to yield an excited configuration 
in which there is one adjacent pair of TCNQ ions, which are nearest 
neighbours (holes) and all the rest second nearest neighbours. Thus 
it is concluded that salts having high one dimensional conductivity 
form a class of materials whose electronic properties are determined 
principally by structural disorder. Electronic conductivity in 
disordered one dimensional systems can occur only by phonon assisted 
12 hopping 
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VI. 1 Band Theory6 
Consider a linear chain of TCNQ molecules consisting of jN unit 
cells of length a with periodic boundary conditions. Let the reference 
molecules be within the reference unit cell at the designated position 
R0. We only need to consider exchange between nearest neighbour cells. 
Ro-a R0 
To 
(Ro-a) R0 
R +a 
0 
To 
(R0+a) 
The crystal field potential energy of an electron in periodic lattice 
can be written as: 
V(R) E W(R-la) 
1 
Where la labels the unit cell and'W is the complex crystal field 
potential due to the positive ion and negative ion configurations. 
The Hamiltonian determining the motion of an electron in this periodic 
lattice is: 
-h2 d2 HR 2m +E W(R-na) dR n 
This problem has already been partially solved expecting exchange 
between nearest neighbour cells. Let '° be the wave-function of the 
two electrons in their ground state bound to the reference molecules 
having energy E°. In order to obtain a solution consider the lattice 
function of the form: 
k 
(K) (R) =1E eiKna ý'ýR-na) 
aYn 
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The expected value of the energy to the Xth order is: 
E iii eika(n-m) 
EX _ 
n-m mit 
ýA eika(n-m) mit n-m 
Where SZmn =! % Tx dR 
The Tx functions are those already derived from the reference molecules. 
Hx =I TX [: 
h 2d22+EW (R- l a) Yin dR 
dR 1 
When the overlap of the wave-functions of neighbouring atoms in a 
periodic lattice is small, SI 
xmn amm and among the matrix elements 
Hx the only non-vanishing ones are: 
m=n11 (exchange) 
m=n 
Hx = E> +E 111X12 W(R-la) dR = EX nn 1 (#n) n 00 
Hn 
' 
n_1 =E Y'n W(R-la) Y'n+l dR 
1- 
(exchange) 
So the energy could be written in the form: 
Eý = E' 00 +2 
Hn 
n+l sin 
Ka 
(exchange) 
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The exchange between two pairs will give rise to the band width, 
ground state 
Exchange 
-2 0 
excited state 
and the ground state and singlet excited state energies are: 
E00 
0= 
Y11 +1 Y12 + Y12' +2 ß12 
E00 = Y11 + Y121 
2 0121 - ''12' (Band width) 
I gap) 
So the band gap energy is: 
2 ß12, - '. Y121 
}1 1 
n, n±l 
0 lin, 
n±1 
Eg = Eoo - Eoo - Band width (iinan±1) 
Yll + 2Y121 hh11 - hY12 - Y12' - 2ß12 - 2ß12' + Y121 
iY11 " hY12 - 2ß12 - 2$12' + 2y12, 
Thus the usual condition for semiconducting is derived. In TCNQ salts 
the difference between the one-centre charge interaction and the inter- 
centre charge interaction should not overwhelmingly exceed the resonance 
energy. - --- . _. , 
E 
00 
CB 
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VI. 2 Singlet Equations 
Considering only the charges of the one dimensional chain, these 
equations are initially limited to the two electrons attached to each 
molecular formula unit (TCNQ)n where n=2,3 or 4. A basis system 
function Ti can be written as a linear combination of acceptor functions: 
ý1 =E Tv Cvi 
v 
Where the TV are the first acceptor molecular orbitals of TCNQ. For 
systems with closed shell configuration, variational treatment of the 
orbital coefficient Cv1 leads to Roothaan3 equation: 
Fuv = iiuv + Gpv 
Where Huv is the matrix element of one-electron Hamiltonian including 
kinetic and potential energy in an electrostatic field of the core- 
electrons. 
Huv = 11'11 C_i V2 _E VA (Y) ] Y'v dT 
= -IUU - the lattice ionization energy for 
solid TCNQ 
= ß°pv Suv 
=0 
and Gpv =E PXa Juv - 
aQ 
fora=V 
fora=v-1 
fora=v+1 
Two electron singlet 
Here Juv = <uvIXa> is the general two electron interaction integral 
(coulomb) over the molecular centres üTv ''a T 
2 
Jpv =II Yý (1) Yv (1) 'Y (2) Yý (2) d (coulomb 
T1 T2 v 
R12 
T1 T2 integral) 
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It is assumed that the positive ion crystal field effect is symmetrical 
and incorporated into I. ' 
The charge matrix is: 
2 p_ 2(C2 (CQ) 
Considering the CNDO approximations it is convenient to represent this 
integral in an abbreviated form: 
Juu = (uuIuu) = Y11 for v= p 
Jpv = (upIvv) = Y12 for p= v±1 
These represent one centre and intercentre charge interactions respectively. 
I 
Singlet Matrix Elements 
By setting overlap densities to zero, the charge matrix can be written 
as: 
P_p2 
occ C2X = qX i. e. Charge on Centre 1. 
The inter-electron integral may be evaluated: 
Guu = JE PAX (uu l Ail) 
A 
Guv = JE (uvIXA) Pax 
=0 for vju 
Considering the positive ion crystal field effect in each sandwich it 
takes the form: 
G11 = ZNN Y12' 
GNN = Z11 Y12' 
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Where Y121 is the inter-centre charge interaction between nearest 
neighbour sandwiches. The diagonal elements of the matrix takes the 
form: 
Fuu = Guu + Gp (crystal field effect) 
Dividing each element by Y12: 
Y11 
K= 
ßo 
Y12 Y12 
The two centre matrix are: 
Y121 
Y12 
F11 1 P11X + P22 + p22 a 
F22 j P22? + P11 + p11 6 
For three centre matrix are: 
F11 = -I+ P11X + P22 + P33 d 
F22 = -I+ P22X + P11 + F33 a 
F33 = -1+ P33X + P11 + p22 6 
Four centre matrix elements: 
F11 1 p11X +1 P22 + P44 6 
F22 1 P22X +I P11 + P33 6 
F33 = 3 P33X + 3 P22 + P44 a 
F44 = 3 P44X + 3 P33 + P11 6 
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and the off diagonal matrix elements for two, three and four centres 
are: 
I 
F12 = F21 =0 
F13 = F31 =0 
F12 = F21 = F23 = F32 =K 
F14 = F41 = F42 = F24 = F13 = F31 =0 
F12 = F21 = F23 = F32 = F34 = F43 =K 
respectively. 
VI. 3 Triplet Equations 
The two electrons may be treated as either both a spin electrons 
or both ß spin electrons. The elements of Roothaan matrix are: 
Fj SCF = iiüv + Guv 
When both the electrons are in the a or ß spins the two electron 
integral must contain exchange factor, therefore: 
GUN =E Pxcr (JUv - Kuv) 
Where Jpv is the general direct two electron interaction and Kuv the 
exchange interaction. 
2 (coulomb 
Juv = <uv xcr> =II `4' (1) 'Y (1) R2- 
'Y (2) 
Q 
ýY (2) 6, 
T 
d integral) 
T1T2uV R12 
7ý 1 T2 ngral) 
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2 
and KpV = <pJý ýva> =TT Fu (1) YX (1) 
12 
TV (2) 'a 2) 6Tl 6T2 
12 
(exchange 
integral) 
and the charge matrix: 
PýQ = (C) 
2 (Cc) 2 
For the occupied molecular orbitals: 
E CV 'V 
EV CV 'V 
By applying CNDO approximations, the overlap integral: 
Suv = 1 for u=v 
Suv = 0 for uv 
The diagonal matrix element Puu and Pvv correspond to the charge 
density: 
Pup = Zp Charge on p centre 
Pvv = Zv Charge on v centre 
and the off diagonal referred to as molecular orbital bond order: 
Ppv = Zuv - Bond order 
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Triplet Matrix Elements 
The interelectron integral may be evaluated: 
Guu Z Paa 
= Zut 1 '12 
FUU =-I+ Zu±l Y12 
Guv =E PXX (cuvIXX) - (PXIva) ] 
Guv =E PX6 [(uvIXar)-(PXIvv)] for X_a 
Puv Y12 
Fuv =ß- Yuv Y12 
As for the singlet the crystal field effects are given by an additional 
factor: 
G11 Z11 Y121 for 11 =v 
GNN = ZNN '12' for u=X 
and. Flip = Guu + Gpp (crystal field effect) 
The diagonal elements for the: 
(i) Two centre matrix: 
F11 P22 + P22 
F2 2i P11 + P11 6 
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(ii) - three centre matrix: 
F11 P22 + P33 
F22 P11 + P33 
F33 P22 + P11 
(iii) four centre matrix: 
F11 = P22 + P44 
F22 = p11 + P33 
F33 p22 + p44 
F44 p33 + P11 
The off diagonal matrixrare: 
(i) Three centre matrix: 
F12 F21 F23 0 F32 aK- PpV '12 
F13 F31 0 
(ii) Four centre matrix: 
F12 = F21 = F23 = F32 = F34 = F43 =K-P y12 IIV 
F F F F F F 
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VIA Procedure for SCF Calculations 
As the system understudy is relatively simple, i. e. two electron 
two centre, two electron three centre and two electron four centre, it 
is possible to make total energy SCF calculations on the two electrons 
which constitute the charge on the sandwich using Roothaan equations 
2B 
the 
On the basis of physical model (discussed in the next section) a number 
of assumptions may be made which will simplify the equations. The 
assumptions are: 
(i) because the planes on the TCNQ centres are separated by the 
Van der Waals distances, the matrix elements Spv are small for 
u v±1 and zero for u1 v±1 and uý v. 
n 
Hjiv = ß$v Spy where Suv, the overlap integral and ßuv, a 
proportionality constant are to be small (Hpv : . 01 - 0.4 eV)13, 
n 
thus Fuv = Huy = ßpv Spv (Singlet). 
(ii) the intercentre charge repulsion integral between electrons on 
centre (1) and (2) (y12) . 
is constant despite the slight variation 
in centre 1,2 distance. 
(iii) the intercentre charge repulsion integral between electrons on 
the 
centres 1 and 3 (Y13) is zero due to insulating effect of the 
intervening TCNQ cure and R dependence. 
(iv) the one centre charge repulsion is constant for each centre. 
(v) the lattice ionization energy of solid TCNQ is uniform and 
incorporates the positive ion crystal field. 
(vi) resonance and exchange is initially restricted to the sandwich. 
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Notes on the Singlet and Triplet Matrices 
(i) X, K and S are variables for the purpose of calculation. 
a (ii) k+S were-e:, timated by point charge calculation and the relative 
values of the spacing of the TCNQ pairs5. 
(iii) The total singlet and triplet energies are calculated to charge 
self consistency. 
(iv) In the triplet state matrices, three, four centre matrices are 
independent of Lambda X i. e. they are independent of the values 
of the one centre intercharge repulsion integral. 
The implications of the experimental observations for the 
molecular parameters Lambda and resonance values are as follows: - 
1) Lambda(-) cannot exceed two, otherwise all the salts would have 
12 
paramagnetic or ferromagnetic ground states. 
2) The transfer (resonance) integral must be relatively high otherwise 
in the complex salts the ground states would be paramagnetic, and 
charge alternation would be favoured in the simple salts. The 
transfer integral may be about - 0.5 eV. The dipole-dipole 
interactions of the localized triplet excitons observed require a 
relatively high degree of resonance. 
115 
VI. S Models 
Two Centre: 
It 2' 
0 2- 
Y12' '12 Y21' 
012 = Kappa Y12 
K21 K21' =0 
1' 2' 3' 
Three 
Centre: 
0 
Y 
12 = Y23 
012 = $23 = Kappa Y12- 
Y31' = Y13' = Y12 
K31 = K131 =0 
1 1' 2' 
Centre 
Initial Charge 
0 2- 0 2- Distribution 
Forti=1 
1 2 3 
- - 0 
6 =1 
2' 3' Centre 
Initial 
Charge 
`0 Distribution 
1' 2' 3' 4' 1234 
Four 
Centre 
////// 
-0-0-0-0 
Y12 = '23 = '34 
Y141 = Y41' = Y12 SS=1 
ß12 = ß23 - 34 = Kappa '12 
041 = ß14 0 
2' 3' 4' Centre 
Initial 
0-0 Charge 
Distribution 
The singlet program generates its own crystal field. Because of the 
relatively small number of triplets the triplet program must be given a 
fixed field, preferably from the results of the singlet program. 
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VI. 6 Model used to Calculate y12 the Charge-Charge Interaction 
A model based on (N, N'-Dibenzyl-4,4'-bipyridilium)2+ (TCNQ)4 
is used to calculate Y12 for staggered and superimposed overlaps. 
18 
Consider this four centre model from the crystal structure analysis. 
The TCNQ molecules are stacked as shown in the diagram. 
I I I I I I B I B I 
A Ä A Aý A 
B B B 
The average interplanar distance between A 
3.16 A and 3.24 A respectively' indicating charge 
between pairs, but the separation between B- B' 
that there is no appreciable molecular interacti, 
B 
A 
-B and A- A' are 
transfer interactions 
0 is 3.62 A suggesting 
on. There are two 
types of overlaps, (i) between A- B and A- A' 
and (ii) between B- B' 
The first type of overlap present between A-B and A- A' is common 
among TCNQ salts and is called staggered overlap. The second type of 
overlap is new involving a diagonal shift of centres. 
Staggered overlap Diagonal shift overlap 
(a) 
(b) 
Averaged overlap models for charge-charge interaction calculation 
0 (Interplanar Spacing 3.2 A). 
(a) Staggered 
(b) Superimposed 
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1.18 
Thus the different modes of overlap combined with different interplanar 
spacings suggest that the TCNQ's are packed as tetramers with a gap 
between B' and B. The formation of two dimers has also been reported 
in 2: 4 salts19. The data from the crystal structure analysis is averaged 
to bring the model to D2h symmetry. 
0 
(a) Average bond lengths (A) and angles of D2h symmetric model used 
for calculation of charge-charge interactions. 
(b) Charge distribution in TCNQ molecule. 
Charged overlap models for charge-charge interaction calculated with 
0 
average spacing 3.2 A are: 
Staggered Superimposed 
Centres 
co 
Dist. (A) Interaction 
0 
Dist. A Interaction 
1 19 3.913 0. '02484 4.105 0.02368 
1 20 3.636 -0.02574 3.399 -0.02754 
1 21 4.853 -0.01929 4.679 -0.02000 
1 22 6.237 0.01558 7.993 0.01216 
1 23 6.577 -0.01423 8.454 -0.01107 
1 24 7.320 -0.01279 9.045 -0.01216 
1 5 3.827 0.03386 3.200 0.04050 
1 6 5.751 0.02254 5.354 0.02421 
1 7 8.283 0.01565 9.978 0.01299 
1 8 7.085 0.01829 9.008 0.01439 
2 19 3.913 0.02484 4.105 0.02368 
2 20 4.853 -0.01929 4.679 -0.02000 
2 21 3.636 -0.02574 3.399 -0.02754 
2 22 6.237 0.01558 7.993 0.01216 
2 23 7.320 -0.01279 9.045 -0.01035 
2 24 
. 
6.577 -0.01423 8.454 -0.01107 
2 5 5.751 0.02254 5.354 0.02421 
2 6 3.827 0.03386 3.827 0.03386 
2 7 7.085 0.01829 9.008 0.01439 
2 8 8.283 0.01565 9.978 0.01299 
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Staggered 
0 
Centres Dist. (A) Interaction 
Superimposed 
0 
Dist. A) Interaction 
3 19 9.885 0.00983 
3 20 10.901 -0.00859 
3 21 10.415 -0.00899 
3 22 5.216 0.01836 
3 23 5.388 -0.01737 
3 24 4.324 -0.02165 
3 5 11.803 0.01098 
3 6 5.751 0.02254 
3 7 7.085 0.01829 
3 8 8.283 0.01565 
4 19 9.885 0.00983 
4 20 10.415 -0.00899 
4 21 10.901 -0.00859 
4 22 5.216 0.01836 
4 23 4.324 -0.02165 
4 24 5.388 -0.01737 
4 5 10.995 0.01179 
4 6 11.803 0.01098 
4 7 5.751 0.02254 
4 8 3.827 0.03386 
7 19 3.827 0.01905 3.200 0.02278 
7 20 4.460 -0.01574 3.503 -0.02004 
7 21 4.460 -0.01574 3.503 -0.02004 
7 22 4.734 0.01540 6.439 0.01132 
7 23 5.457 -0.01286 7.214 -0.00973 
7 24 5.457 -0.01286 7.214 -0.00973 
7 5 5.216 0.01836 4.105 0.02368 
7 6 5.216 0.01836 4.105 0.02368 
7 7 6.237 0.01558 7.993 0.01216 
7 8 6.237 0.01558 7.993 0.01216 
8 19 3.671 -0.01912 3.503 -0.02004 
8 20 3.827 0.01766 3.200 0.02113 
8 21 4.522 0.01495 4.005 0.01688 
8 22 5.457 -0.01286 7.214 -0.00973 
8 23 5.951 0.01137 7.802 0.00866 
8 24 6.419 0.01053 8.165 0.00828 
8 5 4.324 -0.02165 3.399 -0.02754 
8 6 5.388 -0.01737 4.674 -0.02000 
8 7 7.321 -0.01279 9.045 -0.01035 
8 8 6.578 -0.01423 8.454 -0.01107 
9 19 3.671 -0.01912 3.503 -0.02004 
9 20 4.522 0.01495 4.005 0.01688 
9' 21 3.827 0.01766 3.200 0.02113 
9 22 5.457 0.01286 7.214 -0.00973 
9 23 6.419 0.01053 8.165 0.00828 
9 24 5.951 0.01136 7.802 0.00866 
9 5 5.388 -0.01737 4.679 -0.02000 
9 6 4.324 -0.02165 3.399 -0.02754 
9 7 . 
6.578 -0.01423 8.454 -0.01107 
9 8 7.321 -0.01279 9.045 -0.01035 
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Staggered 
0 
Centres Dist. (A) Interaction 
10 19 8.326 0.00876 
10 20 9.116 -0.00770 
10 21 9.116 -0.00770 
10 22 3.827 0.01905 
10 23 3.671 -0.01912 
10 24 3.671 -0.01912 
10 5 9.885 0.00983 
10 6 9.885 0.00983 
10 7 3.913 0.02484 
10 8 3.913 0.02484 
11 19 9.116 -0.00770 
11 20 9.755 0.00693 
11 21 10.047 0.00673 
11 22 4.460 -0.01574 
11 23 3.827 0.01766 
11 24 4.522 0.01495 
11 5 10.416 -0.00899 
11 6 10.900 -0.00859 
11 7 4.853 -0.01929 
11 8 3.636 -0.02574 
12 19 9.116 -0.00770 
12 20 10.047 0.00673 
12 21 9.755 0.00693 
12 22 4.460 -0.01574 
12 23 4.522 0.01495 
12 24 3.827 0.01766 
12 5 10.900 -0.00859 
12 6 10.416 -0.00899 
12 7 3.636 -0.02574 
12 8 4.853 -0.01929 
TOTAL ... 0.14098 
Superimposed 
0 
Dist. A Interaction 
TOTAL ... 2x0.07662 
0 
Charge-Charge Interactions: 
(1) Staggered ... 
(2) Superimposed 
... -2.03 eV 
... -2.: 1 eV 
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VI. 7 Computor Program 
Since the method of calculating the charges and diagonal matrix 
elements is different for the singlet and triplet states, it was necessary 
to develop two separate programs for the singlet and triplet equations. 
Iterative programs are developed based on the NAG routine FO 2 ABF, the 
diagonalization of a real symmetric matrix by the HousekkMetmethod, 
using the QL logarithm (ICL Manual 1904A). The output statements for 
these programs give the eigenvalues, eigenvectors, charge distributions 
and the number of iterations required to attain self-consistency, which 
is attained when the lowest eigenvalue on successive iterations agrees 
to four decimal places. Much of this data is only required for 
configuration interaction calculations and therefore the Write and 
Format statements were modified to print the principal data in tabular 
form for inclusion in this work. 
VI. 8 Singlet Results 
Two centre model: The singlet two centre model illustrates the 
limitations of the calculations. It is seen that as resonance increases 
(Kappa more negative) the electron distribution becomes more even. This 
is as would be expected, but the degree of resonance required appears 
inordinately large. 
Cal ------ 
Cb) -2 0 -2 0 -2 0 
uniform charge distribution 
alternating charge distribution 
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Resonance « intercharge repulsions: 
(a) E= Yll +j Y12 + '121 + 2ß 
S 
(b) ES = Yll 
ET = Y12 +2 Y12 
y121) with exchange 
The transition point between the alternating and the uniform charge 
distribution (neglecting ß) is when 
ES(a) = ES(b) 
that is Y11 Y12 +2 Y12 (Yll Y12 + Y121) with exchange 
This suggests that the y11 (one centre charge interaction) should be 
significantly greater than Y12 (the intercentre charge interaction) which 
is contrary to Kommandeur's15 predic tion and requirement for narrow 
band formation. 
The Heitler-London (valence bond) configurations: 
I xi (1) X2 (2) for singlet 
and I X1 (1) X2 (2) [ for triplet 
avoid this problem having excluded ionic components: 
x(1) Xl (2) 1 
and may be preferable for these systems. 
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Results from two centre M. O. configuration 
00 Zl Z2 
V. B. configuration -1 -1 
K= (_ ) L= (Y11) E 
12 12 
0L1.45 
M. O. states 1.994 . 006 -. 05 1 . 994 1.836 . 164 -. 25 1 . 862 1.99 . 01 -. OS 1.2 1.193 1.713 . 287 -. 25 1.2 1.023 1.98 . 02 -. 05 1.4 1.39 1.314 . 686 -. 25 1.4 1.154 1.946 . 654 -. 05 1.6 1.584 1.023 . 997 -. 25 1.6 1.253 
1.45 . 55 -. 05 1.8 1.753 1 1 -. 25 1.8 1.353 
1.08 . 92 -. 05 2.0 1.854 1 1 -. 25 2.0 1.453 
Three centre model: Consider a three centre model with two common types 
-of charge distribution: 
(a) 0--0--0) 
initial charge distribution 
(b) -0--0--0- 
(a) ES = Y11 + 1 Y12 +2ß 
S (b) E = Y11 + Y131Y131) introducing exchange 
Since there is small ß, the magnitude of energy depends on the relative 
magnitudes of y11' y12 and y13,, therefore considering various ratios 
of Yll/Yl2 and yl2'/Y12 that is lambda (X) and S, the energy of the 
system can be roughly evaluated and an estimate of the relative values 
of Y11' Y12 and Y13' can be obtained. 
For three centre systems for low lambda value and low resonance 
value, the charge prefersthe assymetric distribution (a). 
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Results from three centre M. O. configuration 
Z1 Z2 Z3 K= (Yß ) L= (Y11 E 
12 12 V. B. configuration 
-1 0 -1 K L 0.45 
M. O. states 1.109 . 014 . 877 -. 05 1 . 949 
. 531 . 938 . 531 -. 15 1 . 562 
. 995 . 00 1.005 -. 05 1.2 1.050 
. 571 . 864 . 565 -. 15 1.2 . 633 1.782 . 216 . 003 -. 05 1.4 1.258 
. 551 . 88 . 56 -. 3 1.4 . 282 
. 001 . 183 1.816 -. 05 1.6 1.44 
. 586 . 877 . 537 -. 35 1.6 . 212 1.837 . 162 . 001 -. 05 1.8 1.625 
. 56 . 887 . 553 " -. 5 1.8 - . 139 
, 1.00 . 00 1.00 -. 05 2.0 1.45 
. 491 . 869 . 639 -. 5 2.0 .- . 063 
Results from three centre iieitler-London (V. B ) config uration 
Y13' 
) Beta= ( ß) E S-S Z z z Y 12 12 min i 2 3 
1 -0.05 0.945 0.016 0.999 0.707 0.295 
0.965 0.965 0.996 0.299 
0.950 0.950 0.006 0.994 
-0.35 0.668 0.217 0.486 0.604 0.909 
0.791 0.606 0.846 0.548 
0.677 0.907 0.550 0.543 
-0.5 0.55 0.269 0.686 0.575 0.739 
0.748 0.513 0.998 0.489 
0.587 0.801 0.426 0.772 
0.9 -0.05 0.901 0.033 0.916 0.167 0.916 
1.175 0.500 1.00 0.500 
1.084 0.584 0.833 0.584 
-0.10 0.878 0.059 0.855 0.290 0.855 
0.500 1.00 0.500 
0.645 0.710 0.645 
-0.25 0.754 '0.151 0.770 0.461 0.770 
0.954 0.500 1.00 0.500 
0.760 0.730 0.539 0.730 
S-S = Spin-Spin interaction in the lowest state triplet, (relative to that 
of an isolated dimer s) generated in the crystal field of the lowest 
state singlet. 
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Four centre model: Consider a four centre model with the initial 
charge distribution -1,0, -1,0: 
initial charge 
-0-0 
distribution 
If the system considered has zero resonance value then the singlet 
state energy is simply the one centre charge interaction and the 
triplet state energy is zero. 
ES 1 Y12 
ET =0 
I 
That means the triplet state will lie below the singlet state and these 
salts are expected to be paramagnetic or ferromagnetic. The Heitler- 
London (V. B) configurations for singlet and triplet states are: 
Y'° =I Xl (1) X3 (2) 1+E Cliv X11 (1) Xv C2)- 
'ý° Xl Cl) X3 C2) I+ C2 4 x2 Cl) x4 CZ) 
respectively. The valence bond energy is: 
EVB = (2 ß+ Y12 + Y141) 
IßI 
Y12 +y 141 
2 
The observation of singlet to triplet phenomenon suggests lattice 
defect trapping. For lower lambda and resonance values the charge 
distribution is assymetric, and with the increase in resonance the 
charge distribution is more symmetric 
*Same is true for iieitler- 
Lyndon configurations. 
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Results from four centre M. O. confi guration 
z1 Z2 Z3 Z4 K= (-) L= (11l) E 
12 12 
V. B. configuration 
-1 0 -1 0 0 L 0 
M. O. states - 0 - 0 -. 05 1 0 
. 294 . 706 . 706 . 294 -. 35 1 -. 296 
. 297 . 697 . 705 . 302 -. 5 1.1 -. 752 
. 301 . 678 . 703 . 319 -. 45 1.2 -. 562 
. 308 . 693 . 692 . 307 -. 45 1.3 -. 513 
. 299 . 663 . 707 . 331 -. 5 1.4 -. 666 
Results from four centre }ieitler-London (V. B) configuration 
S=( 
Y131) 
Beta=( -) ES S-S Zi Z2 Z3 Z°0 
12 li min 
1 -0.05 0.007 0.005 0.997 0.005 0.995 0.003 0.510 0.107 0.896 0.507 0.490 
0.945 0.996 0.997 0.005 0.003 
0.667 0.511 0.488 0.377 0.623 
0.429 0.388 0.611 0.120 0.881 
0.947 0.000 0.003 0.997 1.000 
-0.5 0.116 0.130 0.472 0.550 0.561 0.412 
0.226 0.525 0.585 0.417 0.473 
0.446 0.292 0.755 0.672 0.281 
0.676 0.822 0.440 0.206 0.532 
0.482 0.361 0.260 0.715 0.663 
0.252 0.528 0.410 0.428 0.633 
0.9 -0.05 . 007 0.005 0.997 0.005 0.994 0.003 
"0.323 0.312 0.687 0.102 0.899 
0.649 0.573 0.427 0.328 0.672 
0.945 0.993 0.998 0.006 0.003 
0.570 0.125 0.881 0.572 0.423 
. 0.947 0.000 0.003 0.997 1.000 
-0.5 0.101 0.129 0.473 0.544 0.547 0.436 
0.211 0.524 0.572 0.429 0.474 
0.442 0.304 0.733 0.671 0.292 
0.660 0.802 0.440 0.211 0.547 
0.455 0.375 0.287 0.697 0.641 
0.211 0.522 0.424 0.444 0.610 
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VI. 9 Triplet Results 
Oscillating solutions do not occur in the triplet because being 
of parallel spin it is impossible for the electrons to build up on one 
centre (Pauli exclusion principle). In general, the results show the 
assymmetric charge distribution for low resonance values, and a 
symmetric charge distribution approaches as we reach unreasonably high 
resonance values. Also, as expected, increasing resonance gives decreasing 
energy. 
Two Centre Triplet 
Two centre triplet results from the singlet program show no 
change in the triplet energy and charge distribution with the change in 
lambda and resonance values. The triplet lies above the singlet as 
would be expected. 
Results from the two centre M. O. configuration 
" 
T 
Y 
L- ý 11) K- ( 
ß) ET Z1 Z 
it Y 12 Y 12 2 
0.9 1 -0.05 1.0 1.00 1.00 
-0.5 1.90 1.00 1.00 
1.1 -0.05 1.90 1.00 1.00 
-0.5 1.90 1.00 1.00 
1.2 -0.05 1.90 1.00 1.00 
-0.5 1.90 1.00 1.00 
Three Centre Triplet 
A three centre model with two probable crystal fields (- -0) 
and (- 0 -) is considered. For low lambda and resonance values 
12E 
the charge distribution is asymmetric. But with the 
increase of the resonance value the charge distribution becomes more 
evenly distributed. The spin-spin interaction is increased and triplet 
energy decreased. 
Results from the three centre M. O. configurations 
(a) 
Kappa Triplet Spin-Spin Three Centre Triplet Electron Value Interaction Distributio n 
(XY12) Energy x(D12) (1) (2) (3) 
-0.05 0.557 0.212 0.894 0.212 0.895 
-0.10 0.575 0.333 0.834 0.333 0.834 
-0.15 0.542 0.385 0.808 0.385 0.808 
-0.20 0.491 0.413 0.794 0.413 0.794 
-0.25 0.433 0.430 0.785 0.430 0.785 
-0.37 0.371 0.441 0.779 0.441 0.779 
-0.35 0.306 0.450 0.775 0.450 0.775 
-0.49 0.240 0.456 0.772 0.454 0.772 
-0.45 0.173 0.461 0.770 0.461 0.770 
-0.50 0.105 0.465 0.768 0.465 0.768 
(b) 
-0.05 0.490 0.142 0.998 0.142 0.860 
-0.10 0.497 0.264 0.994 0.264 0.743 
-0.15 0.468 0.322 0.988 0.322 0.690 
-0.20 0.423 0.353 0.981 0.353 0.666 
-0.25 0.370 0.372 0.974 0.372 0.654 
-0.30 0.312 0.334 0.967 0.384 0.649 
-0.35 0.251 0.394 0.960 0.394 0.646 
-0.40 0.189 0.401 0.953 0.401 0.646 
-0.45 0.125 0.407 0.945 0.407 0.647 
-0.50 0.060 0.412 0.939 0.412 0.649 
Energy, spin-spin interaction, and charge-distribution of the localized 
three centre triplet exciton as a function of the resonance factor 
in the 
(a) p.. 
n 
and (b) (''0 )n singlet ground state crystal field. 
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The Iieitler-London (V. B) configuration gives similar results. 
131) Beta= &ß ) Delta=( ET z1 1 z2 2 z3 3 Y 12 12 
1 -0.05 0.654 0.997 0.016 0.986 
1.139 1.000 0.937 0.014 
1.496 0.003 0.997 1.000 
-0.5 0.689 0.862 0.269 0.869 
1.355 0.478 1.000 0.523 
0.987 0.660 0.731 0.608 
0.9 -0.05 0.841 0.984 0.033 0.984 
1.412 0.500 1.000 0.500 
1.390 0.516 0.967 0.516 
-0.35 0.693 0.898 0.205 0.898 
1.335 0.500 1.000 0.500 
1.085 0.602 0.795 0.602 
Four Centre Triplet 
Consider a four centre model with initial charge distribution 
(-0-0). For low lambda and resonance values the charge distribution 
is asymmetric. As we increase the resonance values the charge distribution 
is more symmetrical. For high resonance values, charge distributions go to 11 
Hückel solution. 
Results from the four centre M. O. configuration 
ET 5-5 Zj Z2 i3 z4 
-0.05 -0.007 0.004 0.997 0.004 0.994 0.003 
-0.10 -0.030 0.018 0.990 0.018 0.979 0.011 
-045 -0.967 0.038 0.979 0.039 0.956 0.025 
-0.20 -0.115 0.0 7 0.964 0.044 0.928 0.042 
-0.25 -0.174 0.087 0.947 0.091 0.899 0.061 
-0.30 -0.242 0.112 0.928 0.118 0.870 0.082 
-0.35 ' -0.317 0.135 0.908 0.143 0.841 0.104 
-0.40 -0.398 0.156 0.887 0.171 0.814 0.126 
-0.45 -0.483 0.174 0.866 0.196 0.789 0.148 
-0.50 -0.573 0.190 0.846 0.218 0.765 0.169 
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(Energy, spin-spin interaction and charge distribution of the localized 
four-centre triplet exciton as a function of the resonance factor in 
the (- 0-0)n singlet ground state crystal field). 
The Heitler-London (V. B) configuration gives similar results. 
Delta=( 13-) Beta=(T ) ET Z1 Z2 Z3 Z4 
Y 12 12 
0.9 -0.05 0.007 0.997 0.005 0.994 0.003 
0.448 0.387 0.612 0.046 0.955 
0.498 0.590 0.410 0.125 0.875 
0.998 0.984 0.998 0.015 0.002 
0.895 0.042 0.972 0.822 0.164 
1.446 0.000 0.003 0.997 1.000 
-0.5 0.135 0.609 0.394 0.402 0.595 
0.274 0.500 0.509 0.491 0.501 
0.460 0.723 0.281 0.269 0.728 
1.077 0.415 0.756 0.582 0.247 
0.947 0.439 0.419 0.589 0.553 
0.563 0.315 0.641 0.667 0.377 
1 -0.05. 0.007 0.998 0.005 0.995 0.003 
0.563 0.275 0.724 0. "181 0.820 
0.738 0.510 0.490 0.478 0.522 
0.997 0.997 0.998 0.003 0.002 
" 0.646 0.220 0.781 0.346 0.653 
1.496 0.000 0.003 0.997 1.000 
-0.5 0.155 0.611 0.393 0.407 0.590 
0.289 0.498 0.511 0.489 0.503 
0.488 0.721 0.282 0.268 0.728 
1.081 0.426 0.767 0.570 0.237 
0.963 0.432 0.411 0.600 0.556 
0.574 0.311 0.637 0.666 0.386 
(Note: The detailed results from M. O., and the Heitler-London configura- 
tions are given in Appendix II). 
The SCF charge distributions vary with lambda and resonance. The 
charge configurations tend to HUckel type solutions with an increasing 
resonance factor. In simple salts (1: 1) the alternating charge 
a distribution (- 2ý0 )nNand the uniform charge distribution (- - )n(b) 
are degenerate in this model when Ea = Eb, 
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i. e. 
Y11 = i(Y11 + Y12) + Y121 -1 Y12' 
Y11 = I(Yll + Y12 + Y121) 
Yll = '12 + Y121 
Only the alternating charge configuration (-0-0)n is envisaged 
for the four-centre complex salts, and this requires a Heitler-London 
representation I Xl X3 to avoid anti-ferromagnetic coupling of the 
charges. The uniform charge distribution (-3 -3 -3 -3 )n requires 
an unacceptably high degree of resonanco. 
The localized triplet exciton is envisaged as trapped to the 
molecular formula unit. The localized triplet eigen state (S=1) 
(and the spin-spin interaction) is calculated using the triplet 
operators and is made self-consistent on the ground state singlet 
charge configuration (extra-cell electron-exchange is excluded). 
The simple salts are of necessity fixed to the (--)n configuration 
and the spin-spin interaction is D12, the nominal intermolecular spin 
dipole-dipole interaction. 
The implication of the free-electron and the tight-binding narrow 
band models that the charges are uniformly dispersed along the conducting 
stack of TCNQ molecular centres, is not justified without strict 
qualifications. Conversely the occurrance of charge alternation in the 
TCNQ stack does not preclude narrow band formation20. X-ray crystallo- 
graphic measurements indicate that there is charge alternation in 
. complex TCNQ salts, that is, those with an insertion of neutral TCNQ 
18 
in the molecular formula unit. In the simple salts, the crystallo- 
graphically determined bond lengths of TCNQ suggest a uniformly 
distributed charge along the stack rather than charge alternation 
14,18. 
Electronically, all the simple TCNQ salts are diamagnetic in their 
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ground states, and they possess thermally accessible spin triplet 
states. The spin diffuses within a spin exciton band but they may 
be localized as spin triplets by thermal trapping at low temperatures10. 
The annihilation of the spin density of the conduction band is associated 
with spin-spin interactions 
10. The electronic ground states of the 
complex TCNQ salts is less unambiguous; they may be partially anti- 
ferromagnetic and partially paramagnetic, or even partially ferromagnetic. 
The degree of magnetism will be determined by the sign and value of the. 
exciton band gap which will be closely related to the electronic band 
gap, if not the electrical conduction activation energy. 
If the electrical band gaps are identified with the electronic 
band gaps, then the results show that considerable variation is possible. 
(Fig. la). The band gap can become vanishingly small, and the states 
can invert. The simple TCNQ salts become theoretically metallic, that 
is the band gap is zero when 
Eg = '(Y11 - Y12)-2(ßl2 - ß12') =0 
or y11 - Y12 excluding exchange 
Yll t y12 + Y121 including exchange 
This metallic character has been observed in TTF-TCNQ, and is attributed 
to the polarisability of the TTF cation. The effect may be(more probably) 
derived from the separate and parallel stacking of the cations and anions7. 
In the Heitler-London (V. B) configurations, the (- 0- )n is the 
least energetic of those of the three centre systems, and the (- 0-0)n 
of the four centre systems. The electronic band gap will depend on the 
choice of the charge-carrier configuration. If, as first approximation, 
configurational interaction is ignored, which implies a small resonance 
(a) 
(-- )n-1 (0 -2} F1 
C- - )n En 
VB 
E0 = (Y11 + Y12) + Y12' +2 ß12 
E1 = Y11 +2 Y12t 
(b) Eg =i (Y11 y12)-2(0 12 - 
012 ') 
(-0-)n-1 (0--) E1 
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(-0-)n 
E0 Y13' 
E1 Y23 + Y13t 
Ro -- "v _1v1 (c)' "b '23 -2 113 
(-0- 0) 
n-1 
(-00-) E1 
(- o- o) 
E0 =0 
E1 Y14 
Eg = Y14' 
Fig. 1. 
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factor, a charge-carrier configuration may be selected which involves 
a complete transference of charge from one centre to its neighbour. 
(Fig. lb, c). The neglect of configurational interaction leaves in 
question the possibility of fractional charge displacement. If the 
positive ion crystal field stabilises a specific charge configuration, 
then the electronic band gaps of complex salts must include a term to 
account for that factor. In the simple salts the factor may be 
incorporated into the Y11 - Y12 difference. The electrical conduction 
activation energies are unlikely to consist of the electronic band gap 
alone, but will be compounded with potential barriers due to discon- 
tinuities in the lattice chains. 
k 
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CHAPTER VII 
SUMMARY AND REVIEW 
All the charge transfer TCNQ salts based on Pyridine and 
substituted pyridines investigated in this study have their electrical 
conductivities in the range 10-2 - 10-10 Q-1 Cm-1 between temperatures 
25 K to 300 K. The observed temperature dependence of the conductivity 
shows unambiguously that we are dealing with semiconducting salts. In 
the absence of X-ray structure analysis, we are not able to make definite 
statements concerning the nature of the electronic. conduction states. 
However, certain patterns are observed in the TCNQ family and we shall 
analyse the data in terms of these possibilities. Through the electrical 
conductivity measurements described in Chapter V and the spin susceptibilities 
measurements described in Chapter IV, we have obtained temperature 
dependent and room temperature electrical conductivities and spin 
susceptibilities. The plot of electrical conductivity versus spin 
concentration gives a linear relationship for different electrical 
phases (Fig. (2, a, b) Chapter V). The particles which contribute to the 
spin susceptibility are the triplet excitons and the unbounded free 
electron and holes. These contributions are significant if the free 
electron and hole states and exciton states are thermally accessible. 
The free electrons and holes give rise to an ESR signal at g=2.00, 
whereas the signal due to the triplet exciton will split into two 
lines by the dipolar interaction if the electron and hole in the 
triplet exciton are quite strongly bound. From the temperature dependence 
of the triplet signals, the triplet excitation energies and the energy 
gap between the valence and conduction bands might be determined 
Chapter III. 
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VII. 1 Simple Salts 
All the simple salts studied have their electrical conductivities 
in the range 10-5 - 10-10 ý"1 Cm"' between 100 K and 300 K. The 
energies of activation for conduction calculated on the basis of 
a= ao exp (-E/KT) fall in the region 0.25 - 0.35 eV. The average 
band gap is 0.25 eV but it varies with temperature. Theoretically 
the band gap is Eg =j (Y11 - Y12) 2(0 12 
$12 1), (`here y and ß 
terms are defined in Chapter VI), and given that y11 - Y12 is 
approximately 1 eV1, this makes a12 - ßl2' approximately 0.125 eV 
which is the accepted region for these values. It follows from the 
ESR and electrical conductivity measurements that for the conductivity 
given by 
a=Nep 
% 
amd 1(. [. 
cr depends linearly on the number of charge carriers value of the 
mobility u appears to be temperature activated with an activation energy 
of 0.25 - 0.35 eV. The change in conductivity wit) terrPerature may be 
discussed in relation to these basic factors: 
(i) Change in carrier density; 
(ii) Change in mobility; 
(iii) Consideration of discontinuities in the linear chains of TCNQ 
molecular ions, consisting of sections, more or ! ass good 
conducting, separated by a potential barrier which may be 
temperature dependent; 
(iv) Consideration of hopping mechanisms, as in amorphous organic 
semiconductors. 
The temperature dependent spin density measurements show that the 
variation of the conductivity with temperature cannot be attributed to 
a one-to-one change. in spin density. The plot between spin density and 
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conductivity show that it is least dependent on the spin density and 
there is a direct relationship between the spin density and different 
electrical phases (Fig. 4, a, Chapter V). Thus the variation of the 
conductivity with tei. perature cannot be attributed simply to the change 
in the carrier density. 
Consideration of the mobility as the basic factor in the variation 
of electrical conductivity with temperature is contrary to band concepts2. 
In the band theory)mobility has no strong temperature dependence such as 
would be required to explain the variation of electrical conductivity 
with temperature. 
It is also important to consider the crystal defects and distortions 
in the linear chains of TCNQ molecular ions which act as potential 
barriers. X-ray crystallographic data4 where available show that 
TCNQ salts are structurally disordered. This is to be expected on 
chemical grounds. It is now well established5'6 that all electronic 
states in any disordered one dimensional structure are localized. The 
existence of such a class of materials thus acquires special significance. 
Electronic conductivity in disordered one dimensional systems occurs 
only by phonon assisted hopping7. The crystal structure of all these 
salts are qualitatively similar in that they all contain arrays of 
infinite parallel, periodic chains of stacked planar anions4. In the 
TCNQ salts all lattice sites are occupied, but the organic cations are 
asyrimetric and can occupy their lattice sites in either of two inequivalent 
orientations. X-ray studies8'9 suggest that the distribution of 
orientations 'rs random, presumably with effects similar to those in 
K2 Pt(CN) 4 Br 0.3 3H20. This fore of order could 
be eliminated by 
preparing salts with symmetric cations, but attempts to do so led to a 
fall, by several orders of magnitude, in the conductivity 
10 
. It is 
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clear that in such 1-d systems structural defects or cation disorder 
will surely limit the effective chain length to a finite value, 
implying that the conducting of TCNQ salts should be viewed as 
collections of long but finite chainsin which the microscopic 
electronic structure is determined by the competition between band and 
interaction effects. The temperature dependence of electrical conduc- 
tivity and spin susceptibility can be understood on the basis of a 
Mott transition from metal to small band gap magnetic insulator in a 
1 
one dimensional system as the temperature is lowered below 200 K1, 
The low temperature one dimensional anti-ferromagnetic state was 
shown experimentally to have properties consistent with the exact 
numerical results of Orchinnikov12 (and our results) and Takakashi13 
11 
. An for the one dimensional half-filled-band Habbard model , 
14 
alternative explanation of the electrical conductivity was proposed by 
Bloch et a13, who emphasisedthe role of cation disorder in one dimensional 
systems. Based on the published resistivity data of Shchegolev et a115 
an argument was constructed which attributed the conductivity to 
variable range hopping16,17 in a disordered system at low temperature, 
and classical diffusion through random potentials at high' temperatures. 
The one dimensional variable range-hopping theory was founded on the 
experimental observation of a curvature in the plot of log10 a Vs T-1 
as presented by Shchegolev et a115 and was applied generally to the 
entire class of highly conducting TCNQ salts3. 
In general the method of explaining the observed electric and 
magnetic properties of the well conducting salts of TCNQ using band 
concepts is to assume that the linear chain of the TCNQ molecules 
consists of sections having more or less good conductivity separated 
by more or less appreciable potential barriers. Simple estimates 
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show, however, that in this case the defect concentration must be 
unreasonably high in order to explain the observed value of conductivity. 
If we neglect the effects of tunnelling and above the barrier 
reflection then th; conductivity in a one dimensional chain can be 
estimated by means of the formula: 
cr1 =N e2 d/ 7r h (1 + eý/KT) 
Where N is the number of filaments per unit area, d the linear dimension 
of the barrier, c its height above the chemical potential level. The 
measured conductivity is a= al/c (where c is the defect concentration), 
and if we assume d-3x 10-8 Cm distance between two TCNQ molecules 
in the chain, we obtain c- 10°x2, compound activation energy 
ct CFoexp-(Eg+E 
Magnetic Susceptibility 
The ESR measurements of the spin density show that the variation 
ranges between one spin in 105 molecules (for 4-Amino Pyridinium TCNQ 
salt) to one spin in 102 molecules (for 4-Methyl Pyridinium TCNQ salt). 
The absolute spin counts at room temperature varies between 2 to 7 
times those at low temperatures. They are thus anti-ferromagnetic 
in character and the degree of spin exchange. Correlation is of the 
order of 0.05 eV. The spin activation is thus more facile than 
electrical activation. 
It follows from the ESR and electrical conductivity given by 
Q=Nep, Q depends linearly on the triplet spin concentration. 
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a_neu_Nepe -E/KT) 
Nt nt N exp(-J/KT) 
n= number of charge carriers 
nt = number of spin triplet excitons 
Ntu eý 
w(EKT) 
t 
Where E-J » KT 
If we plot a graph between a Vs Nt it should be an exponential curve. 
6 
Nt 
If we compare our results (plot between spin concentration and 
conductivity) we can say that linear relationships occur between the 
spin concentration and electrical conductivity within the different 
electrical and magnetic phases. Our range of observations fall in 
the region of the exponential curve where the electrical conductivity 
is least dependent on the spin concentration. (See diagram 4a, Chapter V). 
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VII. 2 Complex Salts 
The Pyridinium salts (e. g. Pyridinium (TCNQ)2, (Pyridinium) 
(Pyridine) (TCNQ)2) are good conductors compared to substituted 
Pyridinium salts. All the complex salts investigated in this study 
show semiconducting features down to 100 K. The band gap varies in 
the region of . 05 to 0.2 eV. The relatively large variation of 
observed in the band gap in the complex salts may correspond to the 
different ground and excited states electronic configurations which 
constitute the basis of the valence band and conduction band respectively. 
Let us consider a three centre model. 
TO 
Eý = Y11 +1 Y12 +2 ßl2 
E_ Y11 + Y131 
E' 
E° 
- 'y13' 
ßl3' 
ground state 
0 excited state 
H0 
n, n±l l31 
IP =- Y13ý +2 l3, n, n±l 
Eg = '(Y12 - Y130-2(ßl2 - ß13t) "0 
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Consider a four centre model: 
-o-o :: i o-0 
Heitler-London E0 =0 
E= '14 , 
-oo ground state 
_o_o 
excited state 
0 
n, n±l = 
ß14' 
1 linen+1 = -iyl4l +2 $14' 
E' 
Y141 +2 ßl41 
Y14' -20 14' 
E° ß14' 
This predicts reasonably large band gap y 14' 
for 4 centre salts. 
Consider the other form: 
:: i : 1: -o-O-O-O-O-O_ 
given a different configurational interaction for each state then the spin 
decoupled excited state would involve a charge displacement. 
E 6141 
Egz0 
Eý 
o+a 
$14' 
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Our experimental results correspond to this behaviour e. g. (Pyridine) 
(Pyridinium+)(TCNQ)2, (1,2,4,6-Tetramethyl Pyridinium+)(TCNQ)2. 
Below 100 K the behaviour of these salts is complicated we believe 
that these are various electrical and magnetic phases. The behaviour 
between 40 K- 100 K shows a negative temperature coefficient for the 
conductivity) like a pseudo-metal. All the different electrical and 
magnetic phases have linear relationships between the electrical 
conductivity and spin concentration. According to Bloch3 the departures 
at low temperatures from the semiconducting behaviour are manifestations 
of interchain tunnelling. Coleman et a118 have reported that the 
conductivity measurements on high purity NMP-TCNQ single crystals 
indicate that the curvature in In a Vs T1 seen is the result of 
impurities. The purer samples show straight line behaviour over a 
six orders of magnitude change in Q. But one can say that purity is 
a relative term. The other possible explanation put forward by Vidadi 
et al 
19 is the hopping mechanism. It is possible that hopping conduc- 
tivity is responsible for deviation of In o Vs T1 curves from linearity 
which frequently occurs for dc conductivities of organic semiconductors 
in the low temperature region and are usually attributed to impurity 
conductivities. This supposition can be verified by measuring the 
frequency and temperature dependence of a, because the band model 
conductivity, in contrast to the hopping conductivity is frequency 
independent and because the two conductivities have different temperature 
dependencies. Such experiments were carried out on Cu phthalocynin 
and Mg Phth - which are widely studied19 organ 3c semiconductors. 
Their conclusion was that both the hopping and band type mechanisms 
may be functioning in them but depending on the conditions of the 
experiment, one of the two mechanisms predominates. The conduction 
will be mainly of the band type in the high temperature low frequency 
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region and it will be mainly of the hopping type in the low temperature 
high frequency region. Thus the difference between Ac and dc 
conductivities observed (by us at room temperature) is understandable 
and it becomes possible to estimate temperatures and frequencies for 
which this difference will disappear. 
Hopping conduction can be detected experimentally by measuring 
the frequency dependence of a, hopping electrons possess a wide range 
of relaxation times and as a result the conductivity should increase 
with frequency. Such frequency dependence of a has been found for 
anthracene20 and for certain polymer complexes and dyes also in TCNQ 
21 
salts 
Each electrical phase appears to have a different correlation 
with the spin density (plot a Vs Nt). The semiconducting phases 
have similar electrical conductivity to spin correlation as the 
simple salts. 
Magnetic Susceptibility 
Only two Pyridinium salts, Pyridinium (TCNQ)2 and (Pyridine) 
(Pyridinium) (TCNQ)2 show anti-ferromagnetic character. The rest of 
them are all paramagnetic. The spin density varies from 1023 to 1022 
spins/mole between 20 K to 300 K; in other words between one spin per 
molecule to one spin in 10 molecules. The band gap energy is about 0.05 eV. 
The variation in the experimental band gap energy can be explained with 
different ground state electronic configurations as discussed before in 
case of electrical conductivity behaviour. 
14¬ 
VII. 3 Concluding Remarks 
(1) These materials are very exceptional among the organic compounds. 
Most organic compounds are insulators but these materials are semi- 
conductors or even semi-metals, e. g. NMP-TCNQ, TTF-TCNQ. 
The application of band theories represents a novel development 
in the explanation of the electrical and magnetic behaviour of these 
materials. 
(2) A variety of potential forces are acting on the charges; for 
example, it is very difficult to define the positive ion field in 
detail or even the negative ion field in detail. The basic assumption 
is that the TCNQ charges are engaged in charge carrier mechanisms and 
these salts are basically n-type conductors. 
(3) Excitonic charge carrying mechanisms are still at an exploratory 
stage. It will require a more precise definition of the charge carrier 
state and the interaction between the spin and electronic configurations 
of the electrons. 
(4) These materials are also of interest due to their magnetic and 
electrical anisotropies. 
(S) More imaginative synthetic work is required to synthesis bilinear 
compounds like TTF-TCNQ or compounds with K2 Pt(CN)4 and type cations 
attached to TCNQ i. e. conducting cations and anions. 
(6) Preparation of reasonably large sized single crystals of highest 
purity for electrical and magnetic measurements will also be necessary. 
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Molecular Orbital Program 
Two Centre Salts 
?... ".... ".. ".. ".... w ................... ". "".. S".. ""........ ".. ".. s.... ". ". a.. o... "e*.. ""*.. *""ý*. *ss. 1. *. "e.. """ 
IJW111ý1+7rIjI+l: 1 1,1, 'JjJU. 'i . IIIJ'Ji+I, L , bllUi: tlhiJLJ'l,. rll+l. 'I,. 
td11R; 1N+JfJ,; 'll, auüN: fNNt:. J, Jt1t14nNN1; l, iJIJC: dAt. Id, dNld'!,. N , ti'. 61,, V. IV'+ 4N P4+, S:, Jltr'l., NIJN, I1 dN 
I I', t 4'I r'JIr111, ri'Jll, ll: h'I'Ird N'll. ll'+r; , 'I'I 
f', Irr rl b'. II: J''1!, N I!, IN+1'"!: NI+NNNpN 
CTSf. 11. `" 1 Nv L LT«:. 11,011: 7, it., 1. itll 0lit. tt ' 1: 141+t! t1rJr. 1:: "11114 1'it. 4,: r/r1'l 1, A': 1: 0401%I+u04 NO! NN 
7: IU! +! di, NLl. u'+NUII1,! l li, lll! Jf14: +Nn'41,. +'111140 t+ 146'IIvAld IIhN R'J11 N WN 
Id, lp'aIJIlr+l : +hNIla6l. VtrNU! 7r. br, 1+ , 'Jbaur, vl: t. llbllrlNhl. tJJ! 1!. rJ'JNNt: A'IN 
Id IIJ84 11I>1 '1"' 1: pNI. "! '. 1" . u: t ; 1J 1+1: 1.11111 !: I, f: 1%, t11.1:, 1IJ'11: till 11! J;, 1111'Julll: 'li, . 'J: 1'J'J'1:, '41L'+, 1N'r. `$, '4 l'! ' 11'lA411 :: J4h'l1/ýINN411'IrJ, IN41, . 14NNON 
IJN 
ý'IISTt., i ii :'a: i l1 L.;,:,... ýV1, i. S° f1/ý r;. (, i't c1I 411 . 15f1"7 AT 13.3')'., 4 
-11Tpo7 $Y 6RAI' tIRD '): I ASE P77 AT 13. '5,31 IP. 11, G Uj5 
DOr. till; .T 
FAitT{; aI. CfI, N1tAT1c'N 11V 07TAT ItK GA DATE /TT TIE 13/26/22 
oaol 
o(ü2 
o11Ci3 
Jozic 
nnog 
eooa 
4007 
ON" 
0-tn 
C11 i 
Jn1;, 200 
9'014 
105 
AP! t, 
Oil? 3 
Roy tor. 
\1"t r. 
0,320 
APr 
0ý? 2 S1 
On23 
0^2o 
0127 
012 
Ong 
0430 10 
0A31 
0.132 IS 
033 
A"34 
0135 
0"13o 
033, 
0^3d 30 
013'" 
004" 
0.141 
014: 
030 
0,144 r t. 
0145 
0046 
0147 
0143 
OJ4; 
0,150 80 
0051 -- --- -- 0452 OM53 : 10 
0454 An 
0155 
0056 
057 -- - 
LI31:, 1KY(Cn, $II1: ( K'OJrIIAG F) 
iijb'ARY(fo';, 116Chl; IIp1. AGG) 
VN"l$, P. 1I'(1t. Ct)) 
JU^t1T 1-ci; C 
UU'PIIT 3. t. 1'(; 
C011PRLS:. ItlTFUEI: AND LOGICAL 
EI+U ' 
l Tff. 114[1: 
DI' EI: btlr: 711) PC . 20) E(V) rr(20) oiAM, 20) rPT(2n) 
pr 'U LA!: "": '"1. Y. AI'PA 
CI''I 1111 . 
II: ItPA, I, itI'VA, 1: r'I" 1. IT, i) LI 
of ITF ('lu') 
F61.1; AT(, ' /' IT, I LA' ,,, I, APP, 1 SI11r, LLT S111(ýLLT ELETN011 p1StNIß 
1UT1rU'. 11tr'T"1 .r S11I'r7Y, r'TRIPLF. T LLE(TNl' U1S7R)$IITIO: 1 VA. V 
2AL'IE "r. LIiL LI EN'S`, " , 15y,, r (1) (. 9' r 0x, IIF: 11: ItWf 11: 11.1; 'r1': ýr'(1) (w)rý) 
RLA Is (1,1^(1)LA! 'IhB'"A(1"J). J=l'1). In1rý1) 
rl':! I!,,. T(i . ^r 14, aiu. U) 
b" 51 L. =1 rt(ý 
ITL1:. I. S ; týE=u 
CALL E tFAIL) 
NI' 11. sV (1 ) 
LiL!, AVE=1 
W, 10 L=. '. IJ 
glsn(l) 
IF(', U11.. LC. 110 bu Tu 10 
LS, 11'E L 
g111 N=ul ... 
CO'ITIt: u. 
hu 15 t-1. U - 
I'(1)a: "; (IrLS''. L)"". 
d(1r1)=, '(1)"LA; tDA/4.1'(. )/: "r(')". 'Jn7 
1"I., 
, 1(? r2)al'(C)+Lrtl GbA/r. '. P(1 )/: ýP(1)", r ßbß 1"Q. ýi ' 
Ißt! 7.0 1 al . 141-1 
A(1"1r1). A(1.1.1)=Y.,; PPA 
IFAn5(i: SA L -'II 11, )-1. E_4)nnro)r0 
ITL Ica ITCit "1 
ir(IYER. il:. 100) AU TO 00 
RSA`1E  t-I IIN 
uU TI) S1 
CUNT IUnC 
TI: 114=T(Ir2) . 
L, LSAVE=1 
Ilrl"SAVFa: __.. Y.. DL(! SAVEýIiLII ° 
nu '0 JL1. I+ 
oT(J) V(JrL5AVO"+7. V(JrIISAVF. )"+2 _ ý... . 
10R1TE0r'1C)ITL14 rLA11ü11ArKAPPA@QI', IIJsW1)rlsti#N) -"_-. .. _- 
1.711111rI'L! Ir(1'T(J)rJul0) -. . ". . 
FURI IAT(: h1Fu. I'rIF h. 2arFIil . 3. FB. 3aF2S. 3, F. r3'or10r3. F8.3) 
ClI. T 11111L ... - 
yu TU 3 
STOP ._.. _ ... _ _. ._.. _ "---r_. _ . _... __ 
FNp ý, _. 
4 
Ewn oý SCCt; E4Tý 1E1ýý, T1I 320, 'iAIIE C10tt 
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1*** A4*. 0... I. ."f............................ i4............. **....... 0.... 6..... s....... 4... f 
JJJJJ. IjJJ. I JJJJJJJJ. IJ: JJJJJJJ... . JJJJJJJ.; JJJ: JJJ. JJJ, JJJJJJ IJJJJJJJJJJJJJ. IJJJJJJJ. IJJJ. I. IJJJJJJ. IJJ, IJJJJ. 1. IJ'JJJJJ 
JJ. IJJ3JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ. IJJJJJJJJ 
J .1 .1 
.1 .1J . 7.1.1.7 .7 . 73 . 7j . 7.1 333 .1 .7 . 1.7 .7 .7 .7 . 7) . 7.1.7.1.1 J .1 33.1.13 3 P. 1 3.1 . 1.7.133 'IVl,, 4T3 JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ. IJJJJJJJJJJoJJJJJ 
JJJJii JJJJ. IJJJJJJJJJJ: JJJJJJii JJii JJiii iii JJJ: JJJJJ 
JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ. IJJJJJJJJJJJJJJJJ 
JJJJJ. IJJJJJJJJJJJJJJ. IJJJ. 1. 'JJJ,. JJJJ. IJJJJJJJJJJJJJJJJJJJJJJJ"IJJ. JJJJ. IJJJJJJo. IJJJJJJ.: JJJJJ. IJJJJJJIJJJJJJJJJJIJJJJJ 
rLIST I.. 4 Ij ; 'I4). (Y, FILE.. ýý. "ýp0u1'. a7 4 (1/) PpOI"'Lpp 4111 -, 51P7/ AT 14. OS1.13 
FWIT4'I+T GY HkADf(llsb Jh CTbi, 31. L11u, LLT. i' fill A. C1'77 AT 14.65.17 USING UiS 
DOtUI rI+T 
inkTPA4 Cnt. P1LAT?: i,; BY P,, TAT 11K t,.: DATE 0., /D^/? T TIME 13/2'/58 
Onu2 
0r04 
O. SJj 
Ooof" 
0007 
003 
0'+0' 
0410 
n? 11 
031.1 
n "13 
0114 
0115 
ýý1c 
017 
Otis 
no1t. 
OIN 
OA21 
0122 
C123 
01246 
ON25 
012 
n. 11- 
0128 
. 0f12'. 
010 
0931 
0332 
0133 
0W4 
0135 
0A30 
0137 
P^33 
015, 
04 
(141 
044: 
0143 
0+144 
'045 
016u 
0347 
0043 
MCI 
0150 
o"51 
C' 52 
AC53 
0054 
0055 
0050 
OAS? 
0.358 
on5, 
0604 
0011 
onýý 
0013 
0164 
6,365 
.--. 0047 C1oa 
pool. 
CAT) 
200 
3 
100 
51 
10 
15 
20 
30 
""a 
60 
70 
g0 
LIItI: Alt'"(Cir4IJi, G I'Il{'. ýA , F) 
LI IPAHY U OP ü, 4'): tCittIU?;, AG6 ) 
PROaVA! (AItCIt 
Ii. PlIT i Ckf; 
OUTPUT ; "LP'U 
CI'I: PRES; 1N7F. '+ER "f'D LOGICAL 
E:. D 
t, ASTEN tl(. r: i 
DIT'1W1'J1 A(? 1,2C), 4(2), 20), R(20), EC2i), P(SO), PT(2A) 
REAL LAI. RUnrrh'pA 
EIII: IýQN ýnl.!. {. 1r1.1PP, ýrIl, '/, P. PT. DLti 
ll'ITE (3,? u'1) 
FI)ki! AT(//' 11t.! LAI%; bA I; Ai'P. t SINGLET SINGLET FLLCTrl1N pISTRIN 
1UT1/1! 1'. 11Xr, 'T'IPLET SP1t.,, "X, 'TR1PLF. T ELECTRO', DISTR14UT1011 140. V 
2AL! IL '., ILI! 1: L!. tNfiyý, 11: ,' (1) (. ) (d)', loX, VIiiI: rG7 1., T1I. ', 11;., '(1) (ý) (ý)'/) 
NE, SD(1. )'I11)L. 1111'pA, l'rC(A(I"J)"J. 1rl), 1.1.! U) 
F11t:! 1AT(I'I. lu, "iwrt1,0) 
Du 541 LLa1,1 
R, 1PPAa-1.1.00. 
ITE1'. RS"1'! E 0 
CALL I'ý'ARr(, 1. U ,I V', OE, IFAll) 
441111-. 411t ;) 
i. "LSAVLa1 
Ill) 1.1 L=2,1: 
Ulalt(1) 
IF(II; lI, ýlt. 4l) u4 TU 10 
LS, 1: 'F. =L 
fl11111 a'J I. 
C11! IT I WIL 
Du 15 1001! 
uu ?0 )a2rr-1 
act, )). "Ill, r. ý"rcl)/ý"cr(1"1)., r(1-t))/z 
Ali , 1)a'(1)"LAILDA", ). S, x(2)"0.5 
A(! i"II)a{"cu )a14rI. I'd'. q"S"pCU 1)"0.5 
1"Pll)"r". " . ß"a. 5 
ll iQ 1°1111-1 
A(1.1,1). 4(1.1.1)°r. 1PrA 
II (. ifS(!: Srº''L-41 11. )-1.1-4)'' "Q"'ý ITEI: aITLR"1 
li(17t1;, OE. 170) C.., To -9 
RS. 1\'F. au1. IN 
GV T' S1 
COOT I NIJL 
TIIINOT (1,2) - L, LSAVEa1 
lrt! SAVEc? 
0LIt5AVEatL! 1 
I"' CIO I. 83. II .. 
T11taT(1.11) 
IF(Tltl! 1, LE. 711: )Gu TA 60 
T111tiaTIii 
11,1. SAVE I1 -. . ._ __. .__ ._-_. -.. __-_ .--__ . _- 
DLI'SAVEaf U(1 
Cul! T I1111L 
DU'Q laý, U-1 
Du 70 112L+1.14 
TLI! aT(l, tl) 
IF(TI1111. LE. TLV)Gl1 10 70 
7IIIUaTIIi 
ISAVEaI 
IISAVEa11 
PLIISAVE+DL111 
Cul: Tlkl! L 
! n! .. 0 J1, Of 
PT (J)a'1(J. L+AVl)""; "V( J. 115AVE)""1 
150 
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. "". ". "... *.. "".. *"""""""ý" ". ". ""o ii. """ iiii. " "". ""ý"ý"""""ýý"ýý"ý"ý. *. *. 
$"ý" N ý"ý"ýýý"iCi""ý""ýýýý"ýýýý"ý N .. CC. "ý 
SSSSSJSSýýSýSiSýSJýSSJSýýýJSAS, Jis-. sss;, l-SIss 
ss". s1IJ,, Ssss3sSJS,. SJtSýýljJdSISIS%SýISýýJS! 
)SrS: 
JlJýS! 
ISýIS 
S: 
ISSSSiS', 
JJSrSss sss! 
Si: ý. 
l 
S l: Js JSJt 
tS S cSS S' \ý SS ;t St s Is 
S`SSS ýiSt SSStSSSS: 
SSSSSSSS sssssssssssssssssSsss; SSSSSSSSSS5SSSSSSSSSSSSSSSS! 
ýCTS6S1. SINGLETi SscSSSSSSSSSS5SS; 5tsssSSSSSSS; 
S; S; essSSSSStsS'cSSýsssSSSS 
iýC! t, tStisrsS . t! tt"CS'S; Cis%glA0, %sqsrsSSStSlasSSIS SSOsss! 
!f!! 
SSSSSSSSSSSSS5ssssssSSSSssssssSSS; SSSSSSSSSSSSSSssssssSSS' 
ssssssSSSJSSSSSSSSSssssssi! SSSSSssdSS 
! 
S5SSssssssSSSSSssSSt JSSSSSSSSSJSSSSSSSSSSSSSSSSSSSSsSS5sSSSSSSSSSSSSSSSSSsssssSSSS! 
(LISTING OF sUORKFILE. AAAA00072736(1/) PRODUCED ON 18JUL77 AT 23.23.38 
NOUTDUT By DRADFCRO JB'1CTS631. SSNGLET4' ON 18JUL77 AT 23.25.41 USING U14 
DOCUMENT 
FORTRAN COMPILATION GY IXFAT 11K 6A DATE 18/07/77 TIC 22/41/01 
0001 LIBRARY(ED, SUDGROUPNAGI) 
0002 LIBRARY(ED. SUDGNOUP! JAGG) 
0005 PROGRAM(ABCD) 
OOO4 INPUT 1+tCR0 
0005 OUTPUT 3ELP0 
0006 COMPRESS INTEGER AND LOGICAL 
0007 EIJD 
0008 MASTER EIGIN 
0009 DIPENSIfN A(20,2O)#V(20,20)OR(20)tE(20), Pt20)#AA(20,2O), PT(20) 
0010 REAL LAIIBDA, KAPPA 
0011 COMMON LAI'8DAeKAPPA#N#V#P#DLM 
C012 WRITE(3r200) 
0013 200 FORMAT(//' I'ER LAIODA KAPPA SINGLET SINGLET ELECTRON DISTRID 
0014 1UTIOP1', 11X, '1RIPLET SPIN', 7X, 'TRIPLET ELECTRON DISTRIBUTION NO, V 
0015 2ALUE VALUE ENERGY'r7X, '(1) (2) (3) 14)', 12X, 
0016 3'ENERGY 11JTER', 7X, '(1) (2) (3) (4)1/) 
C017 3 READ(1011C)LAMBDA 
0018 PEAD(1,1O0), N, ((AA(I, J), Jn1, I), 1.1, N) 
0019 DO 7 I 1,20 
C020 7 A(I. I)"AA(I. I) 
C021 00 8 1'1,11+1 
0022 8 A(I. 1,11, A(I, 1o1)'KAPPA 
C023 100 FORIIAT(I0,400F0. O) 
CCMMENT 178 15 THIS LARGE A REPEAT COUNT INTENDED AT ABOUT COLUMN 18, LINE 0023 
0024 110 ºORMAT(2F0.0) 
C02S 00 50 LLuI, 10 
0026 KAPPA'-LL/20. 
C027" ITER, RSAVE*O 
0028 31 CALL F02ABF(A#20, N#R*V#2O, E*IFAIL) 
0029 QMIIJNQ(l) ' 
0030 DO 10 La2, N 
0031 QL"Q(L) 
0032 IF(QHIN. LE. OL) GO TO 10 
0033 LSAVFwL 
0034 QMIN QL 
0035 10 CONTINUE 
C036 DO 15 I 1, N 
0037 15. PCI) 2"V(1, LSAVE)*s2 
0038 DO 20 IR2,4+1 " 
0039 20 A(1,1) LAiiBDA*P(I)/24(P(141), bP(I. 1))/2 
0040 A(1, I)"LAI+BDA"P(1)/2"P(2)/2+P(N) 
0041 A(N, N)OLAIIDDA*P(N)/20P(NP1)/2*P(1) 
0042 DO 30 Inl, N,. 1 
0043 30 A(I+1, I), A(I. I. 1)"KAPPA 
0044 IF(ADS(RSAVC-QMIN), 1, E+4)09,99,0 
0045 ITER"ITERSI 
0046 SF(ITER. OE. 100) 00 TO 99 "- 0047 RSAVE OIIIN 
0048 CO TO Si .,. 0069 99 CONTINUE 
0050 To 1N T(1,2) 
0051 L, LSAVE"I1 -_- 0052 M, MSAVE"2 
OOS3 DLMSAVEmOLM -" 
0054 to 60 Mol3, N 
COBS T1M13? (1, M) 
0056 IF(TNIN. L1. T1M)GO TO 60 
0057 Till N"TI11 
0058 MSAVEPN 
0059 DLMSAVE$DLM 
0060 60 CONTINUE _ 0061 - 0070 L. 2, M. 1 
0062 00 70 MRL. 1, N 
0063 TINAT(L, M) 
0064 IF(T11I9, LB. TLM)GO TO 70 
0065 TM11JsT111 _. _ _... ... __ _... "__.. _., . --- ... _--.. _ 
Triplet Molecular Orbital Program ý"5 1 
Three Centre Salts 
Singlet Crystal Field (- -o) n 
f. "º"""º". """". " . º. "". ºr. "... "".. "ºr. ""r"º. ". º"r"". ". ". ""r"r"irr. rrrrrr""""º"º"r"""irrºr"rrr"rrrrrrrrrrr"rrr"rrrrr" 
FF FFFUFfºFI"FIFIF"ºFrrFFFIºFFIFFFIFFrrIfFFFIIIFFFIFFFiFIFIIFIFFFFFffFrIFFrIFFrFIºIFFFIIIFIIIFfIFIFFFFFFFFFIFFIFFFIII 
FºFFFFFFFFFFFIºFF"FFFFFFrFFIIFiIºIrFIFFFFFFFFFFFFFFFIFFFF 
fttiit11FFfiFIFFFff1fI{FFFFFit0ºFIIFFIFFIIIFFFFFFFFFIIF 
jýr6 31tTý1%IGTýN ri11; riff i;; Fiir, ;; FIFF FrifFIFI; FfFFFFIII 
FFFFFFFFFFFFFFFFFFIFFFFrIIIFFIIFFrIFFFFFFrFIFFIFIIIFFF0F 
FFFFFFFFFFfFFFFFIFFIFIIFIFFIfIIFI1FFFFIFIFSf FFIFIF FFIIIF 
FtFFFFFFFFFFFFr: FFFFFFFFFFFfrFFFFiFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 
"i1STI%G << : 'IýýKiILf, AA4,. 0U1G74: 1$(1/) P ODUCED ON 16SEP7/ AT 10.13,1U 
 ,. JT? U! By t1RA0fOR0 JB'iCTS431, TR! NlC13M' ON 16SEP71 AT 10,11,17 USING '114 
DCCUMENT I 
F1RTRAN COMPILATION BY AXFAT IUK 6A DATE 16IUY/77 TIME 10/09/48 
cool 
; ooz 
; 003 
; 006 
: o05 
r006 
: 007 
0008 
3009 
3010 
)011 
3012 
3013 
3014 
3015 
3016 
X017 
)018 
3019 
; G[0 
, OL1 
30 3 
0024 
30[$ 
30th 
j017 
3028 
309 
Q030 
0031 
)032 
3033 
3034 
J035 
1)036 
0037 
0038 
0039 
0040 
6041 
0042 
0043 
0044 
0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
005' 0055 
0056 
0057 
0058 
0059 
0060 
11061 
L18RARY(ED, SUUG30UPiAUP) 
LIBRARY WtSUBIROUPIOG) 
PRO. RAH(AbCD) 
1,010 1aCRO 
OUT? UT 2. LP) 
CJF1, 'RE5S 14TEUER AN) LUGICAL 
END 
MASER EIGE'I 
DIMCvS1ON A(iur10), "(tU, lo)rR(20). E(20), P(21) 
RCAF KAPPA 
COMMON AAPP, %tf4#VtPPDLM 
RtAif1r100)'Ir(IA(1rJ)rJz1,1), 18loN) 
100 F, )R: t4T(1Op 110F0.0) 
WRI'F(2,1000) 
1009 FOR-AT(//' ! TER KAPnA'r1X, 'TRJPLET SPIN-SP14'r14Xr'3 CENTRE 
1 TRIPLET ELCCTR'N 0! Sil18uT10t1'/' VU, VALUE'i1Xº'Et1ERGY 14 
2TER,; CT11Yý 18Xr't1)', 9Xr'C )', 9X. '13)'/) 
DO 50 LL 1r10 
KAPPA -LL/L'1. 
ITEItsRS, 1VEa1 
51 CAL. FO. '. AUF(Ari3, Ul, R, Vr2U. E, lFAlL) 
Q11I jvQ(l 02) 
LtLSAVEa1 
M, MSAVEa2 ' 
DLMSAVEa3LN 
DO 40 114314 
Q1MMI(1011) 
IF(t1MIN. LE. Q1)1) 00 TU 6u 
-- 
QIýI iaa1; 1 
MSAYE"M 
DLMMSAVE DLII _ 
60 CONTINUE 
00711 L" , N-1 
DO 70 M3L+1. N 
QLIi+Q1L, 11) 
IF(1VIIN. LE. QL; I) 4n TU ?U 
QIII'i QLtt 
DLH ; AVE=OL'1 
LSA''EaL 
IISA. 'E M 
/O CONTINUE 
DO !S!. 1, N 
1S P11)av(1, LSAVE)**2W llr11SAVE)e*2 
00 30 1 lt' l 
. 30 A(1*1r1)#A(Ir1i1)aKAPPA-Y(IoLSAVE)*Y(1*1#LSAVE)-Y(IoMSAVE)*Y(I*1OM ISAYS) 
Allr1)aP(2) 
A(N, N)'P(N! l) 
1. O. u 
00 . 10 la2, N-1 20 A(1,1) P(I*1)"0(1-1) 
ITE, I ITCR. 1 . IF(ITCR. GE, 10U)G0 TO VY 
RSAVE 0: IIN 
GO TO 31 
99 441'. f(2,100,1)ITF-RrK. 1PPArQM111rDL119AVEr(P(1)ý1ý1ýN) 
1008 FJRIAT(I4, F1l, i, Fl3,3, F1! "3, F2), Jr2F12.3) _ SO CONTINUE 
ST03 
ENO 
E; 4D OF SE'NEVTi LCNOTN 153. NA'1C EIGER 
Triplet Molecular Orbital Program 
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152 
"r"rrrrr. ""r. r"r.. r. rr"r.. "r""r""rr". "rrrrr. ". """r"". r. ". r". rrrr"i N errr"rrrrýýýýýrrrr"rrr rr"rlrrrrrrrrrrrrrrýrýýý 
iýZ: lE1l1.1: 1...: t1i12! Z11.: %1L: ZZ . ýtl! tZZ Lttt'ZZZZZ 111.1 t1; 1, S71777: 1711111: 171717t! /. rli!!! 'illllt1117t. 'lliltll/llZZi 
z/ /u 7/t[lIt///lzzz[2t7t//r. iJt/7/tt[[t[1/tzt7171117711 
z: n['zu///t: l; 1717!; iL[/l ; l. 't/ /"l/ut/t/tttlulltztt[ 
; ýTSS11'T. IPU. ' 4 lIllt; t[[I! 1l1I /l7t'[i[[tllt[[lltt[1[llII 
2ýl2l: 1[[[[[1: 11z7[Z£1721111! /[11111[lt[Z/tlt211£ 77211£ 
Z77 //l. iI[l. t/t/17111111[7[///1'171711£1111/1717111717711 
z: rl::! l1*:. !. I! Z: zrl. 'l '. 7.:: zi'. zltI1.1z71Z711zzz: z. z; z: lzz: z1lý1L1. [ll: z[[[[11. [z[lttt. t[[[zIII Ill 1[[[It III tztll 
9.1STIMA i JR9FILE. AAA 004,5233( 1/; p'OIUCtu '. )N 14sip7t AT 
/; IUTpl)T 7 2t IQ D ýBýI: T'"6'. 1, T", IýIýTSNý IJN 14SEo7i AT 19, S1, O6 USIY'. : '14 
ý DA-fir 47 
i)RTRAN C'"10101I'1rJ SY . OX/AT ; 7K 61 DATE 14/VY/?! TIME 1r'/S6/15 
'091 LI1r""Y(ED S41i? f)UV'IA4f) 
'ou2 03Wtv(ED S1t17'. -Jtip'JOIJ) 
X043 pkJrIIA'1(RIßC)) 
J004 ):: p IT 1a(; 0 
1005 041,1117 w LPI 
: 3C6 CT:! RLS;, I4TE4E? AID 4UG: CAL 
Ao? EID 
A08 tI. %STER EJGE 1 
0G9 DZII' S1"t'. A(2Uº20)"/( U, LU), RCZ))'E(27)ºP(20) 
. 010 RCAi 
KA. '0A 
. o11 C19.1A'I KAPPA, I, '1, P, '%(It 
ý12 READt1,1ýý)I, ft\fllJ), Is1,1)r1ý1rN) 
; 013 1 )0 F )R I, tT(1-,, 110F'!, rD) 0.4 u4trrtl, 1C'V') 
'J'S 1309 . F"'a'""T1Ttg KAP'A', "X, 
'TRI? LLT S"1'1"SP1º: ', 14Xºº3 C[NTME 
016 1 T4, DL[' FLECTR 0157R1107,01: 0/t 'u. ALUL', FX, 'E'ILRGV IN 
: 0t7 ?. TER, tCTt^'. 'º13Xº'(1)', VR, 'Il)'r9X, '(ti)'/) 
0' n, l01, tD 
010 1TEi. ýS, StLaý 
01I 51 COL. F0: 1-IF(At? lr'Ir?, v, 20tt, )FAIL) 
)12 1: 11 ß: '; C1,1) 
, 
OL! Lºl3.1'1EA1 
: ýtz5 OL't; A7E-10 
016 D') 10 ? *=30 4 
; 0" 91: 1>zgt1t4) 
Ota TU 1IN, LE. QVI) fill To 6u 
-019 W11,18"411 
1030 11äA"F84 
; Ost DLº1SAVE=DL'T 
0l2 61 CJNT19U. 
33 Di? ) Laºn 
t034 DO Piz 04 C035 QLH=OCLrtt) 
2036 Mq'114. LE. '40) 40 TV Yu 
033 D(II5At'Ea)l"1 
'039 (: A'IF"L 
. 
040 ItSA; '(aI1 
i"041 1) C"NTI''Ui. 
042 D') 15 10164 
. 043 15 PfJ)sv(1, LsAv E)++LýYO, 'ISAVE)++L ! 044 D", º ýO Ja1, V-1 
t045 3) Af(ýi, I), AfJ, IýI) RAPPA"VfIýlSA1'F)+'fJ+1ýLSýV[)-Vf), ºISA'!! )ý1'f1ý1ýM 
C046 (SAVE) 
1047 Af1,1)'Pti) _. . 0043 1+09"" 
-_ 
_ 
0049 - A(N, N). PCN-1) -- , OSO 1ý0, ý 
. 051 DI) 10 T. 114-1 - ---- C052 27 A(I,! )ýPti+t)ýPf1-1) 
053 1F(, gyn. CRSAVE-'4'1101)'t . t-4)v9,99, O 0054 ITEV"JTC461 
C055 jF(j? CR. GEs17'0G0 V) VV 
0056 RSA7[0Q; II h 
0057 00 TO 51 ' 
0355 90 4RJT[cz, tQ01)11ER, [tovA, n+It;, DL! ISAVCrtr(J)r1ý1ýN) 
p059 100+º F'tR'IAT( 4, F1I"Z, F10,3, Fi1.3, F25,3,1º12,1) 
060 !. ) CONTI"4UL 
C061 STOP 
_0062 
IND 
END Of'%ESPENT" LEIIG?: t 35°, NAHC EIGES 
ra63 FJNCtl U QIL, 'ý) 
ýa. RIAS KAvp. _ 
Triplet Molecular Orbital Program 
Four Centre Salts 
Singlet Crystal Field (- 0-0)n 
153 
fº0º*º*.......... ***........ ...... º. " ... "ºº. ººº. u º. ººº..... º*º. H ºroºº. º. ºº1oº"*. *... º. º. 0.0 60 . ººººº 61 . **0 1 1º 6 
L9ýDp^0: ^: +D. ý. 7G: LDunl", +i,:.. ""+DPf t iU) Ai+r,. DI "". r9JhVn4G.. nbn MUAnr n" tpP( It I ^. 1' DGD", Dr. D', n^p Innp". pnn" WI ^n! "Ann^hnAOD 
Oro' G': J, t"'+ I& D It *', 1 hnubonnpi('p 
D: ' '! u4Jt yes r ýer"eso o, p; nr o' nnD ýnhn, ýp , r, D' Gap 'np , ao 
: CT50'1 . T1.1t'li T41 plrnpp , p50D40D, nGGý4(rJ; +D? D( Obp n^pýnhA. r'ýn; n^nh+rnD^pnpýn ^I ^., ý. ^nn, ^r. n., t . n. t .': 
!r9. t ", p', rný r. 4.. t,. h"rUJD ! )pr. o 
Ohnnp; g000U47; '11IN 00b, qý p rrrrOýpnD. 'rýJI`; +U^ýa4Dp^^DpOý 
L"01,40 OLD I. ', t !!!! "nt 0i n49 Aýa., 4Gp rbAp, "AODOnDDUDUp , nvt ; r'+r. r b'DSDGD"^ýDýpGDýO^0: 9JOt ODpýDOp"+npoýAJ000DD' DAD9p 
ILISTIN! 'If i"')Krr! LF. AAA,. ''i11'273; (1/) PkODUCEP UN 25JUL77 AT 15.03.18 
VJUTP! ly B1 I11nP JO 1=0Sb 1. T;: 1PL0441 114 25JUL7? AT IS. (N. 3.21 USING U14 
C7CUMEN" 
FORTRAN CO'IP3LATION u tXFAT IIK 6A DATE 25107/77 TIN[ 1i/10/15 
0001 
0002 
0003 
900' 
0005 
0006 
-5007 oooa 
0009 
0010 
0011 
0012 
X013 
014 
1015 
^016 
)017 
3018 
N)19 
1020 
9021 
0022 
! "023 
". 024 
0025 
0026 
027 
3028 
0029 
0030 
0031 
0032 
0033 
0034 
035 
0036 
'037 
ti`038 
"039 
0040 
0041 
0042- 
0043 
0044 
c045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
"54 
0055 0056 
0057 
0058 
0059 
0060 
0061 
0062 
*063 
0064 
0065 
L16NARY(EUs : iUÜGdUIJP'IAGF 
Lle^aRY(EP,; UI; GI', U''UPAGG) 
LIST 
PkL". R"1N(AVCJ) 
1IP"IT IMCFA 
1)LTPUT , ^.  LP, 
C ýh, 'RCSS I'JTE'ER A'1(. LOri1CAL 
EID 
HASTE: LIIrE.. 
DINLVSI/it: A(2U, UO)rV(10.2U), R(20)/E(2C), P(20) 
REAL vAPPA 
C I' , nt, K: ANP.., I1, Y, Pr9L11 
3 PLAt(1r1n'). 'Ir((A(1"J)". ' 1"1)r1I1, N) 
kSA': CpG 
L'? Sz9 "DI: -« 
Va1Tf(2, +ý)ý ) 
1J: '9 (1R "ýt(i/r1.., 'iT010 rS>, 'K.: PPAI, pXr'ENERGY'&X, INTER# 
11. X, 'wLLGT4j`t DiSTa1KUT10', r/) 
LLe1r1 
v1paAD-LL/21t. 0 
1')0 F'1Q'! AT(1(IS, FO. 
51 4ILt F0. '. A+"icA, 2pr'IrkrVr; 01Er1FAIL) 
u"'1. i., (1if) 
LI LSA'! E1 
Nrt n1 
n1? 'SAVEa0L; I 
D" C, 11r. 31% 
Qiltaq(1, iI) - _. . 
IF1vI'IN. LE. Q111) G') TO 60 
qýll! teg111 ._-. _ . IMSA7E 11 
- DLt+SAVEr. nL'I 
6U C'"t TI-j"L 
D, 17 1 L' ^ ,' "1 
0't " '+aL'1.11 
I'F(LE. f1L. ) G'i T. 70 
Q'11 i i, L't 
DLHSAVE*DL1 
LSA: L L 
HSA"Eýtt ý' 
70 CJNTI'iUE 
1i(t, 5(NSlV, "rtry1N)-IYS)e9r96r0 
ITEr.  ITLR+1 
Ii(ITFR. GE, y00)j0 Tý) yV 
" RSA'JCý01'I1: 
oil 15 tai 
1S P(I) V(I, LS;. VE)**2*V(f, 11SAVE)* Z"' 
Ott ;0 110114-1 
33 AtI. 1r2), A(I/I*1)(KAPPA-V(IºLSAVE)*V(Io1, LSAVE)-VtIIMSAVE)IVt1,1, M 
ISAVL) 
r :n 1 11ti. 1 
A(Irl)ap(I. 1)+º(I'1) -- "--__.. --_ -_. 
A(-1,1) P(2) -- 
A( N11)aP(1. -1) -" --- 
100, r 
20 CONII`1UL 
- -- 60 TO 51 
97 CONTINUE 
1GDý iuR"AT(1XII3,3(2X, F". ý)r6(jX, F10.6)) 
SC COUTINUL 
STOP 
Heitler-London Configuration Program_ 
Three Centre S:: 1 is ". 
a 
ý:: 
.. 
ýt 
, il t), 3 
', AU9 
f010 
tAlt 
t al? 
t013 
n1ý 
A15 
; 016 
4A17 
: AIA 
(019 
(0tp 
,.. oil 
G0'2 
t0d3 
fnca 
Jods 
: 0'6. 
t0'7 
(oeg 
C0'9 
: osn 
G? S1 
; QS? 
i0S3 
OOS4 
tn$5 
t 036 
LOST 
; +osý 
fiGSo 
«142 
t"n43 
CO'': 
OA4S 
nn46 
try 47 
. )04!? 
., n49 
(0» 
" Gn51 
"i A)3 
e054 
iln55 
. A56 
"eC57 COUR 
1)p59 
0060 
0001 
0002 
C063 
. 
C0o4 
coos 
(066 
eib? 
t0o8 
0069 
vor0 
00f1 
CA12 
60(3 
00(4 
CA. s 
@A/6 
: AF7 
o01A 
Goto 
t0AA 
Znö1 
rAri2 
onö3 
0084 
.. oös 
^na6 
trAö? 
i"OöR 
ano. 7 
COVO 
f1AV1 
GoV3 
t"AV4 
t0Vc 
4nyn 
aý. 
ýAve 1100 
3 
1000 
51 
52 
5 
4 
6ü 
"6 
999 
111 
bý0 
511 
72 
411 
410 
661 
61 
9ý 
22 
456 
330 
tý0 
HASTEk CI6I11 
OliiCI: S(u!, Acdv, : 0),. Yttu, Lu), kt2v). 1(20). ºt. 0,243rAQ0,10) 1Gt1.9.10i, Pa 
tv) 
ýI<t. a)ýzctzo) 
C4igi(7N iL T, II4 TA, Id V, , 41Q, OP 
Iex. 
REAjt1,1003,, ELT.:, Nrt(AtJ, I), Jit, k), Jp1,11)r 
I(CG (J, Ii, J"', tO, 1"1ti) 
2011(j# 1; jai . 4) . : 01 poll 
FOR! t:, IMe1), 1'Is (IUVF0,0) 
uW(Tr: 2,1GýlI 
rýRt: AT(//'1"ER ;, rLt, 1 I'ETA VIN THIN S/SI') 
00 51) LL"1,50 
ß[T:, a'lllZ9, 
ITEý:, kShYE 0 
CALL F02.11"F(A191 r II, R, Y, 20#E, IFAIL) 
oil I;;: 9t1 
LeLSAVE 1 
00 52 Ls2, Y 
0l"a(L) 
IF(N'(tk, LE. 44) GO TO 5j 
LSAVE°L 
Q(i1; 1"ql 
... CC'HIV UC 
1F(, iRS (; iSiiVi; "uý1: N) ý1, E-G) 999,997,0 
ITEItU1TCk"1 
1; (ITER. riE, 10)) 6q TO 9Y9 
RSAVE"QiIIN 
DU 4 J l, N ... D) 5 In1, i1 
. tF(I. EQ. J) 4(1 Tu 5 
CONTINUE 
C0471NVL 
DO .1 111th .... . AAa4 
to Gb Jai 1'4 .' AAe, %A"VJ tJ, LSAtC)""2)"G(J#I)"DELTA 
AU"1)a;. A"1(1rt. "t1. RET; t) " 51 to TO 
CONTIUUC 
00 111 L 1 r; ( 
1tl): 4(L3 , 00 d00 J 1"'l 
XtJ): V(J, LS., VE)""Y 
D') 1.57 , &1,: i 
CCIr1)s'It1r3)""i"vt3,1)""L 
c(2,1)"V(1, J)""ý"vt2, i).. c 
C')t; T)1iUE 
CALL F02ADF(A, LO, G, R, V, 20rE, 1F411) _. .. _...... _..,....., T(I(i(aT(1) 
_..., .. tI, IlSAVEa1 
ell 72 (1: 2, N 
TINT(11) 
IF(TVIN. LE. I'll; GO TU 72 
(tSAVE=M 
TH 1; 1 TH 
COlIT1''UE .... . IF (ADS t^SAVE-T11; 1`071 . E-4)Y9,994 
ITCRa1Tj R+1 .... .. _ IF(ITER. GE. Z00) 40 TO 9V 
RSAVEaTIIIN 
04 410 John 
00 411 101 , '1 
1F(I. CQ. J) ,o Tu 411 . A(J, I)'N(J, J)"fiýTA 
Cn4TIIiUC 
COUTI! UC 
00 ui )1 fl 
AA"o 
t) 61 J 1ý: J 
AAs;. A+(w(J)""G). G(J, I1"DEITA ' 
At1.13". 1A"H(l, Ji 
GC) To 311 
CONTINUE 
DSP; 1, =Vt1, tý; AYE; ""L+Vtý, )iSAYE)""i 
Do 212Z 1101 #: 1 
zZ(It)=T (M) 
on .. 51 I. 1 l( 
PP(1. I) v(1, I)""2"VCS, I)""2 
ºN(:, 1)ýVt1,1J'"2+Y(2,1)""2 
ONTIM. 
VýITC(2,300. RTE ;, DtLTA, GETA, QHIN, ý'ýIN. OSºIN 
Nw1: 1t2,1Pt (Lt. 1, t"+tl,. )"J11.31,1:. 1), (DO(JJ"1,3), l 1, N) 
F^a;:. ATt1x, r.;, J.; (1S, F: i. 3.. iF15.3) 
C''º: T I'I U. 
G')TO3 
STOP 
E'%0 ' 
15 
['iý Ur SEcME'T. L. N+ýII SAT. UA'tý E; GEa 
155 
)OVA G' 10 3 
:, n99 STOP 
)ivo E'iD 
Ettn OF SEGMENT, L tIGTH 707, NAIIC EIGEM 
0101 F')NCT104 4t4) 
, +u? Dtt'CHSI. )i A. 2V.: 0)r7(tu, tu), R(lv), ((2p), P(20r20), NI 0,10)" i 
. ýuS , 14(2',, 
O;, P? ý2V, Z0) " 
sý1Q4 w, Ä(: i%) 
v+VS - COHr1)1i DELTA, IE 'A, N, V, P, H, G, PP 
tiV6 1. X 
7 PEAL DELTArLCTA " 
+un vz, yvz. VVV.., o 
ýýu9 A) 7 441,1; 
uti10 7 V2: v2"('! (J, L)"«)"N(J, J)+(1"BETA) 
1111 DO J J"i, ll 
! 112 D"1' 1"', h 
r+1 v12=vV2-n, 5. (VýJrIý""e)"(vý1.1)"+2)"6tJ, I*. 5f TA 
y114 4 9 COHTINUt 
9 15 8 CONTI"uC 
0116 DO 33 J=1rN 
ý, +17 of) J4 1i r% 
ß, 11A 1F(l. Ell. J, (J') TO 34 
" ý11q VvV2ývv"; 2"c"; (Jrl)""ý)"(Yilrl)""2)"N(J. 1)"DETA 
(, 1[o 3": C'INTI'tUE 
. pct 31 CO TIIIV . 
f+[3 NET IRtI ' 
L"ýc4 E: 1D 
Ekt, of SEGiENT, L[r; GTH 17Z. uA; tC q 
(115 FUNCTION T; 1) 
olVEUSION A; Zur: 0)rV(LU, LU), Rt2q), E(20)rP(2'Jr20)rH(20,2p)r 
; 1'T 1G(2Jr20), Pý(2Urý 0) _. ý4L8 2. X(. 0) 
s: 1 9 C01411011 DELT, i. BETA, N, V, P, H, G, PP 
: +sn 1IX , -. 4 S1 REAL DE. TA, i)ETA 
, 02 v2IYV2, "VVl: o J3 DO '. ' Js10Ii 
7 
"ý"ý D. ) S J:;, Ir 
06 DO ': 1 ", t: 
. +37 VV2zVV2.0. S. X(J)+(VfirH)""2)"G(Jrl)"DELTA .... ,. 
:. SR S CnNTIfl IIC 
'1 59 8 t-114111. uw ' 
ýti''n D9 $3 Jz11N 
DO 34 3=1, V 
" . v142 Mi. Eq. Ji 40 T0 34 ... . .. 0+415 _. , , 
__.,... _ .:. .. VVV2=VVI. 2+t`: CJ oil) ""2)"(vtl, t; )""ý)"NCJ r1)MTA Jt44 3. C"tt: TI14UE 
+45 33 Oily It+UE ..... 0146 
.. _ Y2+V/'/2 .. C+47 " _N .. RCTJR4 ': 1 
END OF SEGMENT, LZNGTII 1S91t I! A! 1,; T 
(. 140 FINIS'I " 
("" END OF COtialLAT1 0: 1 " NO ERRORS 
Sit SUBFILE; 24 DUCKET,; t'SCD 
"" 
Cn1. SOLIDATED DY XiCK 12J . 
DATE [^/11/71 TIME 14/49/20 
A. 1AB0n271747(1) RE t1AIIED 1CLARIiEFAULT(1) . 
' F'00-114M A: tCD 
Eý1týýED , 4T1 ([2. m) "' 
(GItv%CT Pw0GA, 1H (u i) " 
CORE 1132 3 
" 5CC EIGEN 
.' S: G FJ2ASF 
$46 A.. S 
" 5:: 6 T 
f". 6 Xu2ADf 
S: G F. 11AJr 
$1.6 xJ2AAr 
f: 6 in2,11'r 
S,. G ºJ1AAr 
CfjU4 
fOU9 
0'610 - 
t6t1 
nqt? Cots 
onto - 
;, n17 
ý"at R 
COM'1ENT 1; 3 
C019 
npcp 
. 90if 
1 
CAt2 
((t3 
"ACG 
ßt5 
". At6 
; Qt7 
'i OCR 
'9 
x030 
0031 
r. O3? 
rp36 
! "03S 
": ASR 
Os? 
1014 
0: 639 
rpýA 
0'2 
"045 
" AG6 
.: 047 
: 0468 
. A"9 i0)0 
(A-%I 
spy? 
: qys 
"nyF 
r0)? 
, Qyn 
fpyo 
:. nen (061 
r062 
"Oe3 
0Aec 
LAeS 
: QeR 
ßn67 
'008 
069 
(010 
co11 
(01? 
r0r3 
; 0114 
CM 
t0t6- 
(017 
CO/A. 
0f9 
(Oe0 
tObl 
rpöft 
ne3 
0664 
06as 
ýAOF 
Ae" 
r0nA 
; peg 
LOVO 
CDV1 
002 
I'M 
00V 
toys 
(OV4 
PO"a 
: 1I"ß 
"'Y1 
1Y2 
ýIVG 
, Heitler-London Configuration Program 
Four Centre Salts i 
ILkSTI'r ft+. l; ( 
IIII'LI+SIsilt A(7"+: 'n)CU), IZI ). E(29), P(ý1r2C)ý11(: 4. [0)+ 
16(iß 00)1 7', 1? 00.0 
3X(7b)r2,: (? A) 
C(r111101i i"1 LT,, r11E'A, iI, V"PrM"0, PP 
i. % 
3 READ(10'(10)', ELT;, 0sCIA(J. 1)ýJa1" 
I((G(J. II"Jalr'+), jai oil) 
.: ((H J'I""Jý'. '0), I°1r14) 
1.0 rtiPl... iU(j '1r1Jr, Yuuf9. O)) 
I: TN1s LkGE A R:: PtA, CI"'J+41 lh1E; DEO AT n60UT COLUtIN 24, LINE 0018 
VI! 1Tf(7rfii"A)((A; J. I)rJc1rN)r1s1. N) " 
a.. A r(IIII IAT (: y, 1, r 1 u.:. ) 
WRIT, c, 34, C(h; Jrl), J"trt+). 1 1. N) 
N-4 FORaAT (1)rur1J, 4) 
"Ja1Tr. (2r. '31i((": JrI), Jalrh), )ulrN) 
S F')k; IAT ý1Xrr10 4) 
urITC(2.1aý'ý) ' 
1.100 fUR': A7(II'1TE'( ; 1E0; r PETA 01: 111 THIN 0SP1t(1/) 
D4 Sn LLR1. t4 
BrT.,: -L(, /? n. 
ITEitrt'S,; Vf=n 
Si CALL F0. AIF(Arlýi. (i, RrV.. o, t, 1FA1L) 
0('1: 1 '1t: ) 
L. LSAVEa1 
.. bit y? L-22,11 
QLa., (L) 
tf("7711N. LE. 'IL) GU Ta 52 
L; AyEXL 
4+1 I r;: 7 L 
Sr'. C+7117 1 t. 7E 
... li(:. rs(, ^, Sn'ýü. r(rý; 17)". t-4)y4i. 99+"r0 
ITEku11LR"1 
RIAVEr'QR1IJ . 00 4 Jsirl. i 
D+7 5 Isir(+ 
if(I. rQ. J) Tu 
S C(+tTII4UC 
4 COUTI 'J.. 
oil 6 In' 1: 
pl, 66 jest #14 
*u AAadt"(1 (Jr. S"1V: )""; )"G(Jrl)"OELTA 
4 A(1.1)s. 'v1"'IýI. I,. (1+IrET, ý) 
6ü T(, S' 
1. ' 9 C'INT1''r"L 
oil 111 La1,1 . 1'1 1(L)=4t:, ) ' 
0') 00 . a1 . 'I ö. '0 Y(J)tV(,. Ls, 1VL). is [ 
Du .. 5? 1 1,: 1 
Pt1001"V01 I)"":: "Vt«. 1).. 1ý': (3rl)""2 
Pt2.1)t. (1.1)"":. Vlw. l):. C. '1(S, I)""2 
. 
P(3.1)+'ß(. r1)""' V'. t). "C"i(br1)""ý 
ltL. 1)='"(3.; )""w. Vt: rI)". t. Y(6rI)""2 45? CnNT111% 
511 CALL fn2A1'f<AI ), 0, R. Vr«OrE. 1FAIL) 
T"I11ST(I) 
It, IisAVE=1 
, nQ 72 I1a20lf 
. T11s7t( ) 
IIF (T; 1IN. LE. T'I Gu Tu ?j. 
HSAVE4M 
T(t1: laTM . .. i: Co((TIh(7t; 
lit, (n5((, SAVi. -t"t1N)ýS, L-4)~9,0410 .. 1TERrU. ,1 
R54VCaTl: II, _. of) 410 Jill II 
b+1 411 1e9 
! f(I, EQ, J) in T+r 411 
A oOsPiWel)"RETA ... 4.1 C0NTI1+UC 
0 tt' T1(i'JL" "" 5- 
3' 411 WON 
AAsn. 0 . 
D'1 61 Ja1.1 
6G1 A. 1sAA"(;; (J)""t7.4(J, IJ. ELT. 1 
6. A(1. t)s..:. "4: t"1: 
ti'l In 511 
9' C'r71Tt(+u; 
nsPl7+=V: 1ý1'ýýyE; ""t. V(ý. nSAI'E)"'2"V(A. 1'SAý'E)ý"t 
0+l 12' I'at. "I 
jig 1[t 1)51.11) 
Du "56 lei r1 
P: t1rt)sv(1.17"`i"v(2rI)""1"V(3.1). "l 
CPtä. t)sV(1r17.. ý. y ýr{1". ý. v(Srl)""1 
Pvt.;. 11:: V(ä. 17". z. v; ý. ttý"[. V(b. 1)""i 
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Results from Molecular Orbital Program 
ITC4 LA"ISA KAPPA $II+4LCT 
No. VALUE VALUE CNCIM 
2 1.0 "0,03 0.676 
22 1.0 "0.10 0.619 
4 1.0 "0.1S 0.741 
{ 1.0 "0.20 0.304 
22 1.0 "0.25 0.413 
2 100 1.0 -0.30 0.075 
"1 13 4.0 "0.35 "0.206 
1.0 . 0.40 -0.438 t 1.0 "0.43 -0.620 
1 1.0 -0.50 "0.782 
0 19 1,1 "0.05 0.960 
100 1.1 -000 0.929 
33 4.1 -0.15 0.790 
100 t. 1 -0.20 0.437 
32 1.1 "0.23 0.447 
34 1,1 "0.30 0.241 
33 1.1 -0.35 0.024 
' 100 1.1 -0.40 0. OSS 
20 1.1 "0,45 -0.791 
1 1.1 -0.50 "0.732 " 100 1.2 -0.03 1024 
100 1.2 "0.10 0.953 
100 1.2 '"0.13 0.863 100 1.2 -0.20 0.618 
' 100 1.2 -0.23 0.446 
100 1.2 -0.30 0,133 
100 1.2 "-0.33 0.004 
100 1.2 "0,40 0.219 
35 1.20 -0.43, -0.562 
"11.2 -C. SO, -0.724 
100 1,3 -0,05 1.248 
` 100 1.3 -0,10 1.101 
'" 100 1.3 "0,15 1,019 
100 1.3 . 0,20 0,630 
100 1,3 "0.25 0.291 
100 1,3 "0.30 0.125 
S 100 1.3 "0.33 "0.163 
100 1.3 "0.40 "0.372 
16 1.3 "0.45 "0.333 
111.3 . 0.50 -0.643 
100 1.6 -0,05 1.224 
100 1,4 -C. 10 1.265 
100 1,4 "0.13 0,981 
100 1.4 -0.20 0.690 
" 100 1,4 "0.25 0.710 
100 1.4 "0,30 0,066 
100 1.4 "C. 31 -0,133 
' 100 1.6 -0.40 "C. 334 
100 1.4 "0,45 "0.441 
-- 33 1.6 -0.50 "0.666 
100 1.5 "0,03 1,307 
100 1.5 "0,10 0.698 
" '. C 100 1.5 "0.1S 1.216 
, 100 1. S "0,20 0,731 11 1.5 "0,23 0,624 
100 1.5 -0.30 0.362 
100 1.3 "0.33 0.032 
,; 
100 1.3 -0.40 "0.257 
1 100 1,1 ""0.45 0,248 
69 1,5 "0.30 '0,379 
6 1.6 "0.05 1.1i. 1 
100 1.6 -0.10 1.359 
100 1,6 -0,15 0,776 
100 1. b "0,20 0,430 
100 1.6 "0.23 0,692 
100 1.6 "0.30 0.191 
10a 1.6 -0.33 0.026 
100 1.6 "C. 40 10.174 
100 1.6 -0.43 0.3?? 
' 100 1.6 -0.50 -0.054 7 1.7 -0.05 1,681 
1 4.7 "0.10 1.623 
- 23 1.? "0.13 1,526 
Ica 1.7 "0.20 0.617 
"" "- 100 1.7 "0.23 0.631 
' 100 1.7 -0.30 0.467 
100 1.7 -0.33 C. 14s 
100 1.7 -0.40 "0.003 
100 1.7 "0.49 0,494 ` 100 '1.7 "0.30 0.121 
6 1.2 "0.05 1.780 
1 1.9 -0.10 1.721 
3 1,8- -0.15 1.433 " 
100 1.9 -0.20 0.904 
100 1. i "0.25 0.9v 
100 1.8 -0.30 0.61'. 
100 1.8 -0.33 0,360 
100 1.0 -0.40 0.193 
Ica 1. e -0,45 "0.0,16 
100 1.8 -0.50 0.124 
4 1.9 -0.03 1.879 
t0 1,9 -0.10 1,810 
60 1,9 -0.15 1,719 
100 1,9 "C. 20 1.0.6 
100 1.9 "0,23 0.634 
100 1.9 -0,30 0.763 
100 1.9 -0.33 0.668 
100 1.9 -0.40 0.258 
100 1.9 -0,4.3 0.052 
100 1.9 "0.50 0.233 
14 2.0 -0.03 1.919 
21 2.0 -0.10 1,916 
29 2.0 -0.13 1.814 
10a 2.0 -0.20 0.321 
35 2.0 -0.21 1.509 
100 2.0 -0.30 0.21.9 
100 2.0 -0.33 0. '. '? 
100 2.0 -0.40 0.234 
100 2.0 "0,45 . 0.012 
1Cc 2.0 -0.30 0.503 
Four Centre Salts 
ISiGLE? 2Lct'ION e111eteutlCo 
11) (2) (3) (4) 
0,000 0.000 0,000 0,000 
1.130 0,333 0,032 0.003 
1,100 0, x31 0,068 0,012 
1,194 0,672 0,112 0,022 
1.204 0, $97 0,165 0,033 
0,210 0,786 0,765 0,210 
0,294 0,706 0,716 0,294' 
0,304 0,696 0,676 0,304 
0,299 0,701 0,711 0,290 
0.296 0,701 0,704 0,296 
0.001 0,012 0,704 1,283 
0,019 0,091' 1,684 0,199 
1,001 0,009 0,069 0,022 
1,079 0,760 0,114 0,067 
1,100 0,671 0,167 0,062 
0,083 0.226 0,500 1,102 
1,086 0,517 0,287 0,110 
1,326 0,694 0.161 0,038 
0,206 0,691 0,703 0,305 
0,297 0,697 0,705 0.302 
0.163 1,834 0,005 0,000 
6.004 0,0? 7 0,380 1,539 
0,066 0,1160 1,497 0,318 
0.026 0,184 0,338 1,451 
0,787 0,879 0,183 - 0,150 
0.260 0,068 0,680 0,291 
0,197 0,305 0,586 0,913 
0,023 0,094 0,641 1,442 
0,301 0,676 0,703 0,319 
0,300 0,686 0,702 0,311 
0.000 0,003 1,918 0,0? 7 
0,322 1,633 0,022 0.000 
9.430 1,496 0,071 0.003 
0,787 0,012 0,533 0,648 
0,607 0,403 0,859 0,131 
0,125 0,712 0,397 0,766 
0,966 0,321 0,100 0,633 
0,755 0,243 0,246 0,735 
0,308 0,693 0,602 0,307 
0,306 0,694 0.693 0,316 
1,351 0,060 0,108 0,000 
0,189 1,786 0,023 0,000 
0,688 1,246 0,040 0,004 
0,018 0,287 0,343 1,312 
1,025 0,756 0,190 
, 
0,029 
0,079 0,000 0,791 0,400 
1.010 0,294 0,1r9 0,516 
0,785 0,180 0,234 0,801 
0,153 0.660 0,823 0,529 
0,299 0,60 0,707 0,331 
1.903 0,070 0,026 0,000 
0,018 1.065 0,262 0,655 
0,002 0,055 1,642 0,301 
1.243 0,138 0,313 0,266 
0,783 0,651 0,23? 0,279 
0.700 0,686 0,064 0,461 
0,311 0,608 0,005 0,575 
0.793 0,445 0,011 '0,709 
1,305 0,400 0,089 0,06 
0,4.95 0,830 0,400 0,195 
1,986 0,014 0,000 0.000 
0.001 0.035 1,711 0,254 
1,293 0,206 0,473 0,022 
1,036 0,063 0,142 0,0?? 
0,537 0,002 0,638 0,823 
0.219 0,382 0,289 1,110 
0,637 0,67? 0,000 0,683 
0.662 0,017 0.331 0,790 
0,019 0,070 0,461 1,430 
0.034 0,131 0,618 1,176 
0.000 0,000 0,010 1,000 
1.957 3,062 0,050 0,030 
0,000 0,001 0.101 1,898 
1.103 0,283 0,512 0,060 
1,316 0,180 0,423 0,379 
0.1.82 0,100 0,702 0,716 
0,673 0,680 0,002 0.6&6 
0.62? 0.003 0,383 0,787 
0,013 0,056 0,439 1,670 
0.037 0,140 0,169 " 1,294 
1,092 0,006 0,410 0,000 
0.000 0.000 0.032 1,968 
0.105 0,106 1,682 0,107 
0.115 1,213 0,214 0,611 
0,427 0,683 0,334 0,334 
0.483 1,114 0,195 0,203 
0,339 1,073 0,273 0,311. 
0: 32 1,036 0.312 0,303 
0,, 359 0,952 0,379 0,310 
0,173 1,479 0,316 0,033 
1,004 0,206 0,000 0,000 
0,1.00 0,? 00 0,023 1.975 
1,939 0,158 0,000 0,603 
1. . 71 1,352 
0.312 0.06S 
0,573 0,101 0,712 0.613 
0.500 1,130 0,200 0,170 
0.360 1,111 0,268 0,261 
0,364 1,070 0,285 0,201 
0.372 1,100 0,323 0,300 
0,166 1,504 0.290 0,.? 7 
0.002 0.000 0, J"1 1,997 
1,986 0,065 0,000 0,009 
0.022 0.000 0.011 1,969 
0,261 0,380 0,966 9,4v 
1,912 0,031 7,000 0,057 
0,5'5 0,532 0,223 0,673 
ý! o 0.98 
0,366 0,3ti3 
O, d67 0,5,13 0,025 0,526 
0.516 9,090 0,3,1 O"3i) 
0,017 0.058 0, '"0' 1.433 
741fLit SPIN 
1*COGY INTER 
0,188 0.390 
0.321 0,023 
9,233 0.041 
0.149 0,059 
0,066 0.077 
0.372 0,038 
"0.193 0.31? 
"0.299 0.327 
"0.414 0.322 
"0.128 0.310 
0.341 0,987 
0.170 0.008 
0,313 0,039 
0,209 0,06E 
0.11? 0.083 
0,030 0.102 ' 
"0,036 0.119 
0,023 0,480 
"0,613 0.324 
"0,326 0.322 
0.104 0.000 
0,401 0,932 
0,301 0,020 
0.033 0,097 
0.230 0,093 
0.304 0,060 
0,020 0,133 
0,114 0,316 
"0,403 0.332 
"0.520 ' 0,329 
0.032 0,000 
0,213 0,002 
0.291 0,007 
0,806 0.429 
0.290 0.092 
0.133 0.108 
0,371 0,386 
0.181 0.334 
"0.407 0.330 
"0,520 0,3: 9 
0.037 0,962 
0,133 0,001 
0,443 0,013 
0.072 0,090 
0,137 0,039 
0.192 0,311 
0,262 0,324 
0.266 0.336 
"0,352 0,371 
"0.312 0,337 
0,042 0,972 
0,086 0,066 
0.215,0.004 
0,649 0.694 
0,630 0.374 
0.460 0.467 
0.331 0,414 
0.221 0,37' 
0,106 0.354 
"0,476 0,362 
0,012 0.000 
0,172 0.002 
0.086 0,673 
0,163 0.188 
0.336 0.298 
0.093 0,190 
0,243 0,363 
0.258 0,376 
0,182 0,381 
"0,113 0.520 
0.009 0.000 
0,031 0,000 
0.034 0,001 
0,171 0,122 
0.734 0.621 
0.446 0.473 
0,271 0,300 
0,206 0,333 
0,233 0,610 
"0.022 0.331 
0,006.0,000 
0,026 0,000 
0,140 0.944 
0.179 0,976 
0,391 0,787 
0,263 0,079 
0.106 0,036 
0,094 0,933 
"0,006 0,001 
"0.342 0,108 
0,003 0.000 
0.0020 2,030 
0,033 0.001 
0.4S3 0.021 
0,318 0.669 
0.261 0.07.0 
0,200 0.077 
0.101 0.081 
90,004 0.083 
"0.297 0,099 
0.016 0,000 
0.064 0.020 
0,140 0,000 
0.433 0.876 
0,361 0,133 
0.249 0,276 
Q,: bb 0,20/ 
0.209 3.431 
0,138 0.403 
0.188 0.620 
Tt11l[T [ýCCTAýN Eu1A11UT1Or 
(1) (2) (7) U) 
0.300 0,300 0.300 0.300 
0.366 0,445 0,970 0.060 
0,56? 0,432 0,946 0.034 
0.605 0,423 0,923 0,046 
0,618 0,619 0,900 0,063 
0.144 0.856 0.260 0.140 
0,117 0,403 0,463 0,317 
0.527 0.473 0,473 0,526 
0,322 0,478 0.4'0 0,562 
0,119 0,491 0,431 0.319 
0,053 0,941 0.363 0,642 
0.026 0.924 0.156 0,894 
0,503 0,510 0.944 0.043 
0,543 0,473 0,001 1.073 
0,566 0,466 0,032 0.089 
0,103 0,838 0,4º 0,57? 
0,343 0,462 0,813 0,142 
0.832 0.273 0.4 1,0.139 
0,324 ?, 473 0,478 0,522 
0,322 0,477 0,479 0,522 
0,919 0.084 0,99? 0,001 
0,139 0,829 0,754 0,10 
0,048 0,434 0,231 0,317 
0,057 0,868 0,299 0,733 
0,409 0,393 0,847 0,131 
0,116 0,827 0,810 0,293 
0,180 0,792 0,520 0.490 
0,484 0,402 0.266 0. ete 
0,331 0,467 0,470 0,332 
0,326 0,671 0,473 0,528 
0,001 0,997 0,041 0.962 
0,639 0,172 0,065 0.704 
0,763 0,232 0,953 0.010 
0.364 0,754 0,3.1 0,3. -1 
0,383 0,676 0,031 7.090 
0,003 0,840' 0,601 . 465 
0,38/ 0,394 0,44? 0,3º3 
0,333 0,467 0,467 0.333 
0,530 0,470 0,410 0,330 
0,326 0,: "2 0,472 0,328 
0,967 0,034 0,972 0,003 
0,006 0,106 0,903 0,093 
0,656 0,374 0.935 O, ä14 
0,034 0.900 0,347 0,719 
0,526 0,303 0,913 0,010 
0,752 0,394 0,617 0.237 
0,914 0,392 0,345 0,449 
0,391 0.415 0,423 0.5ºJ 
0, SL1 0,424 0,450 0,366 
0.316 0,461 0,466 0,336 
0.959 0,063 0,113 3,174 
0,013 0.922 0,134 0.930 
0,008 0.963 0,119 0.950 
0,036 0.759 0,124 *.. 3. g 
0,396 0,333 0,145 0,372 
0,413 0,424 0,376 0. Ves 
0,433 3,627 1,436 2.606 
0,433 0,462 0,410 0.643 
0,819 0,261 0,130 3,369 
0,360 0,462 0,416 :, Str 
0,993 0.010 0,997 7, »1 
o, A66 0,977 0,145 C, "13 
0,940 0,109 0,9118 0.0=5 
0,724 0,427 0,132 0,0,, 
0,420 0.750 0,400 0.411 
0,396 0.744 0,414 0.646 
0,359 0,515 0,420 0,706 
0,634 0.417 0,466 0,433 
0.393 0,303 9,275 e, 112? 
0,578 9.338 0,320 9. '64 
0,001 0,997 0,303 0,995 
0,970 0.031 0,9'. 6 0,003 
0.006 0,972 0,012 0,949 
0,640 0.466 0,334 0,063 
0,811 0,715 O. 2/7 0,144 
0.799 0,403 0,423 0.373 
0,370 0.401 0,42? 0,712 
0.668 0.430 0,661 9,461 
0,670 0,277 0,270 0,633 
0,599 0,311 0,304 0.763 
0,096 0.106 0,097 0,001 
0,903 0,968 0,026 0.94: 
01992 0,061 0,911 0.056 
0,376 0.873 0,117 0,933 
0j62 0,675 0,200 0.663 
0,236 0,722 :, 364 0, 'º" 
0,180 0,777 0,794 
0.107 0,773 C, --J7 0. '. 31 
0,206 0,773 0,711 9,269 
O, +aa 0,823 0,603 0,319 
0.917 0,006 0,097 0.: u1 
0,103 0,963 0, Jl2 0,96? 
0,? 69 0,030 0,7'i 0,071 
0.724 0,310 0, OC2 0.133 
0.704 0.449 o, . lo 0,31+ 
0,262 0,7: 4 0,160 0. "1s 
0.196 0.776 0,319 0.201 
0,: 00 0,772 0, J^ß 0. l:! 
0,209 0,767 0, '95 0.213 
0.112 0.834 0.633 0,333 
0.004 0,993 0, "C3 1,930 
0,993 3,012 0,900 0.014 
0,032 0,937 0,517 0,965 
0,:. 0 0,811 C. 117 0,269 
0, C6* 2,073 9,541. 
a,; +6 0,604 9, "'1.0,4vß 
3, ý1r 0.412 03.3 3,447 
0,654 0.387 O. ; )L 0,703 
6,65.0,4e0 0,119 3,. ep 0.162 0.164 0,263 0,5.6 
,,, ý. ' 
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Results from Heitler-London Configuration Program 
Three Centre Salts 
TiR DELTA BIT., ýrlýjy TIII'1 ;i /S/ r 
"'^"t' 
, 
", J 
44 1.0 -1 us n, 94S 0,654 U. 010 V, 9ý5 0.9r9 O, (1; 0,195 654 0 0,097 0.016 0,966 Y, 9eý 
". U 950 
0,91"6 
0 0 l 
0 vit; 0,7n5 , 1,13'1 1,000 0,937 
'r 
01014 
6 " 1.0 '0.1, 
. . 6ý2 
0.670,, 
YV,, 
054 
1.000 1,496 0,003 0,9 ? 1,000 
U, A9e 9,414 , 1.6y6 0,316 676 0 0 089 0,054 0195? V"o? y 01`x'7 )S3, i 0,635 . 1,130 0,098 0,958 0.044 V, 898 0,029 0 V(, "" : 0,999 1,484 0,013 0,938 0,999 7 1.0 -0,15 0, A42 u, 096 0,6"3 
O. n42 0.937 0, b(3 0,340 0,693 Q'S-78 0,01,6 0,926 
0.800 0.0713 0,663 1,120 0,1.90 0,93) 0,07? 
0.4144 0,04,10 0,996 1,460 0,032 0,971 J. 997 
Ii. 2 1,0 -4.40 0,736 0,695 V, 141 
0.786 0,315 3,0(' 0.9a7 0,695 0,892 0,141 0,966 
U. 847 0.6,. 9 4V4 0.9?? 1,097 0,116 0,409 0.975 V, 790 0.9! 6 . ), V17 0,017 1,429 O, 'i01 0,949 0,059 7 1.0 -r,, e5 0.734 0.61-3 0.263" 
0,735 0.347 ), o(3 0,980 0,618 0,567 0,245 0,769 U. A02 0.60 u, 4h3 0,874 0,905 0,! 65 0,798 0,238 0.734 0, or. 0 3,15'ý A: 0.146 " 1,406 0,063 0,938 0,994 '" 1,0 -0,30 0,6w? 0,667 7,215 
V. 694 0.3'S 0.646 0,059 0,667 0,645 0,215 01840 
0,769 0,640 ß, 6f. 0,726 1,065 0,! "23 0,839 0.188 0,687 0,9S ([ 0.313 1.330 0,132 0,496 0,972 
17 1,0 -(1,35 0.663 0.714 11,21( 
10,66b 0.4.. 6 . ), 6V": 0.909 0.714 0. U3 0,117 0.929 V. 791 0.6416 3. '4u 0.548 1,229 0,251 0,933 0,796 
9.67? 0a 90? 0,5)0 0.543, 1,203 0,3.85 0,830 04 ; T. 1.0 -1,40 0,632 0,711 1). 23f) 
9.632 0.5., 6 ). ßö3 0.866 0,711 0.361 0"06 0,901 
V1787 0,512 0. ' o 0,492 1,239 0,327 0,976 0,697 
V, ('52 0,8'1 ), 464 0,643 1,115 0,013 01738 " 06399 
"" 37 1,0 -0.4S 0.5118 0,705 9,252 
9,598 0.7"2 0.3'S 0,636 0.705 0,:, 84 0,252 0,864` 
9,783 0,477 9, Yn5 0,536 1,343 00 .1 61 
0,995 0,424 
V. 626 0,732 0,442 0. &26 1.037 0,535 0,133 0,713 
19 1,0 '0,50 0.550 0, (. h" 9,26v 
9.550 0,6; 16 J, %15 0,737 0,6.19 0,362 0,269 01860 9.748 01513 "i, ""'. i 0,439 1,355 0,478 1,000 0,523 V. 587 0,8111 3,42. 0,772 0.937 0,660 4,731 0,608 
TLR DELTA Cry;, (WIN Tl114 VS/ 
6 0.9 - ß"u5 0.9111 0,841 0,033 
0.001 0.916 3.167 0.916 0,841 0,5; 84 0,033 01984 
1.175 0.5,10 uJJ 0.500 1,412 0,500 1,000 0,500 
1.084 0,514 1,83.1 0.534 1,390 0,516 0.967 0,516 
.40,9 -^. 10 0.873 0,795 V, 059 9,878 0.855 0,29e 0.455 0.795 0, "70 0,059 0,970 1.173 005110 4, ut) 0.500 1.315 0,500 1,000 ? O, S0 V, ^72 
o 0,9 
0.6". 5 
-0,15 0,342 
v. (1LI 
0,707 0,09v 
0,645 1.337 0,530 0.941 0.530 
U, 842 0.816 0,363 0.816 0.767 0,55 0,090 01955 1,075 0,5-10 1,0U. ) 0,; 00 1,367 0,500 1.000 01500 
9,889 0,6, ', 4 0,632 0,634 1,286 0.545 0,910 0,545 
7 o, 9 -1,23 0,800 0,745 9.121 
9.300 0.739 " , ), 4[2 0,789 0.745 0.4140 0,121 0,940 
1,025 0,51)0 ", u0 0 0,300 1,335 0,508 1.030 0,500 
0,820 0.711 "3,373 0,711 1,235 0; 560 0,879 0.560 6 009 -0.25 0,754 0,72? 0,151 
9.754 0.770 0,46; 0,770 0.727 0,625 0,151 0.925 
0,075 0.5110 .. 09o 0.500 1,346 01500 1,0 0 0,500 
U, 760 0,730 3,5J^ 0.730 1,184 0,575 0051.9 0.575 
5 0,9 -1%s0" 0,706 0.711 0.174 
9,706 0.757 3,43' 0,757 0,711 0,010 0,179 0,910 
9,923 0: 500 " VUG 0.300 1.340 0,100 1,0-10 00530 
9.707 0.743 3.313 0,743 1.134 01M 0,821 0.590 
A 099 "0,. 5 0.656 0,693 9,2031 
0.656 0.7''1 3,311 0,745 0,693 0,. 198 0.21S 0,493 
0. Sno ;. V+1v 0,510 1,335 0,500 10000 0,500 
9.657 0.7; 5 0. x"0 3,155 1,0.; 5 0,602 0,795 0.602 
4 0,9 -9,40 0,605 0,674 U . 22f 9,605 0.7: 16 J. >4ea 0.736 0,674 0,386 0,22? 0,886 
V, 823 0, '30 ;, UU. 3 0, SJ0 1,331 0,500 1,010 0,500 
V, 609 0.7;, 4 3, x17 0,764 1,039 0,614 0,7'3 0.614 
6 0, a -0,41 0,353 0,653 0,241 
9,553 0,729 1,543 0,729 0,655 0,376 0,247 0,876 
U. 775 0.511 t, U"10 0.300 1,328 0,500 1,0? 0 0,500 
0.563 0,7""1 d. 45j 0.771 0,094 O, v2i 0,153 0.624 
6 0.9 "1,50 0,5('0 0.635 ". 26) 
9,500 0,723 "), 5), 0.723 0.635 0,667 00265 0,867 9"725 0.5.10 ;. uu, ) 0.500 1,316 0,500 4.090 3,300 0.519 0,777 0,44- 0.777 0.952 0.633 0,735 0.633 
EXECUTION I RR'R 105 ? RfGiA I1 'ERI'INAT: D 
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Results from Heitler-London Co figuration Program 
Four Centre Salts 
L, 
7: OtLTA hET:. a7'1 N Tä1.1 SP11; 
t 0,9 -: ', VS 0,017 0. e()? J, 00) 
V, 007 V, '97 0.0'15 0,! "94 0,003 0,007 0,197 0,005 0,994 0.00 
V, 323 V, 311 0,,, r, 7 0, "0/ 01,39^ 0,4143 0,36? 0,611 0,046 - 0,95 0,649 0,373 0,627 0,320 0,472 0,696 0,590 0,410 0,125 0,47 
V, f'45 U, '93 it., Ob V, r0d 0,. x03 0, '9<1 O, r84 A, 998 0,015 0,00 
0,370 0,125 0, f:, 1i 0.574 0,423 0,39S 0,042 0,971 0,312 0,16 
V, 947 0, %00 0, f"R3 U"9f 1, "`00 1,446 0,000 0,093 0,99? 1,90 
S 0.9 -, -., 1p 0,025 0, nä4 u, nly 
u, n25 u, ' 8? 0,074 0, ý7b 0,413 0,674 V, ß, 90 9,019 0,97? 0,01 
u; 8S u,; 1%" 0.7.. 5 0.; is 0 0,: 7A 0,345 0,651 0,073 0,93 
V,,. 75 u,: Or' V. SAU 0,:, 00 Q, 3S 0,597 0,401 0.214 0,? b 
V, 173 V, '8/ O'er . '"S 0,011 0, A13 n, '., 3 0,164 0,993 0, x^, 33 0,00 
0,417 9,311 0,.. 90 0,31u 0, L89 4). 3113 0,104 0,913 0,713 0,? 6 
V, 8s7 9, "0t 0,0+7 0, "3. 1, enn 1,432 0,0110 0,010 0, '190 1,00 
6 0.9 -i", 1S 0"n.. 3 0,0,7 0,03v 
0,041 v, t63 0, p5i 'J. ''40' 1). 029 0,047 0, ^76 0.041 0.844 0,03 
V, 257 u, , 
3t+ 0,:. 11; 01;: 63 0,; 34 0,392 0,31f) 0,665 0,391 0,91 
0,641 U. .. 6h 0,533 0,519 0,.. 80 0,524 0,611 0,38? 0,220 0,78 
V, 6o4 V, ''75 0, '. V V, 025 0.031 0, x8? 0, x"17 0,984 0, )6? 0,01 
0,613 0, ". 01 U, 393 0,27$ 0,723 0,792 O, 1S6 0,894 0,702 0,24 
V, 1(15 U, 01 0,031 0,! '69 0,! 99 1,404 0,001 0,024 0,476 0,99 
6 0,9 -0110 0,072 0,074 0,001 
0,072 U,! 37 003 U. ''Af 0,1)3& 0,674 0,952 0,074 0.890 0.08 
0,226 0,: 91 0,181V o,.: dt 0,7in n,; 4n 0,326 0,666 0,123 0,18 
0,605 U, . 41 0.363 n.; fý 01". 63 9,490 0,631 1,36! 0,208 0,79 
0,729 V, r"60 0, ' 35 0. "141 0, i'39 A, 9A4 0,873 (11084 0.115 0.02 
0,629 0,466 0,314 0 ,: ind 0, "13 0,789 0,216 0,864 0,705 0,21 0,730 V,!, 04 0, ((4 U, ß'35 0,! "96 1.356 0,002 0,047 9, ß5S 0,49 
A 069 -3,15 0, o"5 0, +h2 9. C8I 
V, 095 U,:, 89 U, t64 01.334 0.1)91 0,102 0, "Io 0,121 0.304 0,16 
U, 702 0 ;, 0it V,: QV 0.04 0,3,17 038 0,654 0, id4 0,52 
0,571 V,. 10 u, 3c: 0,1151 0,.. 41 6,476 ß, u53 0,340 0,711 0,641 
0,66? U, '43 U, ß, 97 0,361 0,9' 
. 
0g87 0,.: 0? S, v79 0,173 Ö, ýS 
V"458 v,. -1S U, 4.11 U.:. 61 01.00 R, ^91 0, -KI 0, Ai9 0,712 0.18 
V, 6 2S it ,. `1b 0., i? l', i7v d, '"8"i 1, $62 0,906 11,036 0,4124 0,94 
to 0.9 -'1654 0.118 0.133 'J, 090 
0,115 u,.: 1V 0, '42 0,794 0,145 0,133 0,343 0,186 0,682 0,28 
0,195 &, 263 0,; 62 0,304 0,066 0,274 0,373 0,623 0,379 0,77 
V, 541 V,.; 91 0, o7C 0,374 04 ` 0,652 0,67T 9,315 0,4104 0.70 
V, 612 u24 0.. 14i' U,! 17n . 57 0: 1, ' 97 0,.. 37 0,969 0.245 O, f4 
V. 311 0,: 4o 0.312 0.. 6/ 0"1+55 0.332 0,340" 0,736 0,718 0,19 
V, 504 9.3S2 0.;. 02 06783 0.! "63 1.151 9,121 . 4,171 0,472 
0 , n3 
1S 0.9 "''. ýS 3.144 0,159 '1,10.8 
0,144 U, 14 0.43 0, '11 0.231 0,15^ 0.754 6,265 0,145 0,43 
V,. 101 u.: 4A tt, ~(1 0.114 0, s, 19 0.261 0,: 1S 9,576 0,345 0,61 
Q. %14 U 65 0,4,53 0, l"t'3 0.379 0,435 0,702 A.: 91 0.217 2,79 
0.59? V,. ýo" 0, "00 ^, ^9f %'..: 44 Pie, 0,044 0, ^40 0,340 4 
U. 9,513 O, i. 1S 0.1,121S 0,4"41 0,51 0,: 1v) 0,551 0,725 0,33 
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